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Abstract
Due to the advanced focusing ability, characterization methods based on the electron-beam
excitation have been broadly applied to investigate nanomaterials. Structural or compositional
information is commonly acquired using electron microscopes. Moreover, taking advantage of the
super spatial resolution of the focused electron beam, optical properties of nanomaterials can be
also obtained. Herein, general concepts and processes of the interaction between electrons and
materials are studied. Two specific optical nanomaterials, including plasmonic nanostructures and
semiconductor quantum layers, are investigated by the cathodoluminescence (CL) measurement.
Surface plasmonic resonance can be generated when high-energy electrons strike the
interface between the dielectric medium and plasmonic nanomaterials. It is found in our research
that a special hybridized plasmonic resonance can be achieved by using a combination of multiple
materials. Furthermore, a hybridized Au/Ag bullseye nanostructure has been designed and
fabricated by the focused ion beam milling. Investigated by the CL process, we find that the
hybridized plasmonic emission can be manipulated by the excitation position of the electron beam
and the geometry of the bullseye pattern. Finally, we move forward to apply the electron-beam
excitation to investigate topological insulators, which are possible to support surface plasmonic
waves. A new tip plasmon emission is excited due to the charge oscillation in Bi 2Te3 nanotips.
Plasmonic properties of Bi2Te3 nanostructures relate to the lateral size, excitation location and
resonant wavelength. Finally, based on the application of hybrid plasmonic structures and
resonance between edges, nanosphere heterodimers are expected to broaden the usage of
plasmonic materials. Investigated by the numerical simulation, an enhanced hotspot emission is
observed with a broad wavelength range. The plasmonic behaviors depend on the composition and
structural size.

As high energy incident electrons excite electrons from valence bands to conduction bands
by secondary processes, we investigated high quality ultrathin InAs layers in InAs/GaAs
heterostructures. The CL measurement reveals the formation of In rich clusters for sub monolayers.
The electron beam excitation provides a better spatial resolution to observe the variation of CL
signal at different locations. The CL peak position, linewidth, and intensity relate to the thickness
and roughness of ultrathin layers.
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1. Introduction
1.1. Background
Optical properties of materials have attracted many interests due to the significance of both
theoretical research and industrial application. Especially, when the effective size of materials
shrinks to the nanometer scale, unique optical behaviour could be excited. Normally, the optical
property of a material depends on various parameters, such as the band structure, the dielectric
function, and the geometry of the structure. Semiconductors and metals are widely studied
materials. In recent years, the research on 2-dimensional materials (2D materials) is becoming into
a hot topic as well. Therefore, how to characterize and manipulate the optical behaviour of
materials is the main goal of my research. Moreover, the physical meaning behind the basic
technique and experimental results has been explored and discussed.
It is well known that light can be generated by spontaneous processes from materials. This
light-emitting procedure is named as luminescence. The emission process can be caused by
chemical procedures, electrical effects, or subatomic transitions. The physics behind the light
emitting process has been investigated from different directions during the past centuries. People
started to study light since the time of ancient Greek. On one hand, light can be explained as a
propagating electromagnetic wave based on the famous Maxwell equations [1]. On the other hand,
as the development of modern Quantum Mechanics, light can be also seen as particles. As a result,
it is concluded that light should obtain physical properties of both wave and particle. Therefore,
by measuring the light emission or spectra of material, we can understand various useful optical
properties of the specific material, such as reflectance or bandgap. After knowing the basic
information, how to apply such optical materials is becoming into a hot topic to improve future
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science and technology. In recent decades, as the development of Material Science into the
nanoscale, nanophotonics greatly broadened the application of optical materials.
Based on a more confined size, optical nanomaterials attract a lot of attention for scientific
research and industrial applications. For semiconductors, the band structure can be modified when
the structures are reduced into nanoscale or sub-nano scale. Quantum dots and quantum wells are
widely studied for applications of light-emitting devices, solar cells, and microelectronic chips [24]. On the other hand, electromagnetic fields can be also generated in the metal/dielectric system
based on the oscillation of free electrons. The induced electromagnetic waves propagate away in
the form of light. The wavelength or frequency of the induced light can be manipulated if the
structure is on the sub-wavelength scale [5]. Relative applications include biosensors and optical
waveguides [6, 7]. In recent years, 2D materials are found to be possible to support interesting
optical radiations [8]. Though the fundamental mechanism is similar to previous optical
nanomaterials, new 2D optical materials are still important to extend our choice for real-world
applications.

1.2. Electron-Material Interactions
Light is commonly used as the excitation source based on its convenience on the incident
wavelength control. As the development of the laser, relative techniques have been widely used.
The excitation wavelength of light has a broad range from ultraviolet to infrared. Meanwhile,
corresponding scientific research has thrived as the improvement of modern technology. For
example, photoluminescence (PL) spectroscopy is a widely used optical characterization technique
in the semiconductor industry [9]. PL is using light to excite electronic transitions inside a material,
and the relative spectrum collected relates to the optical properties of material itself. Other
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representative light-related optical techniques include but not limited to dark-field spectroscopy,
photoemission electron microscopy, near-field scanning optical microscopy, and surface-enhanced
Raman microscopy.
Although the light source has been most often used to investigate optical materials, the
wavelength is much larger than the spatial resolution needed, making it inappropriate to study
nanostructures. Therefore, it is necessary to use another excitation source to study optical
nanomaterials, such as metallic nanoparticles with a diameter under 100 nm. For instance, an
electron beam inside a microscope offers a better resolution. Similarly, electrons have both
behaviors of particles and electromagnetic waves. Electrons usually obtain a higher speed and a
larger mass compared to photons. In other words, an electron beam has a higher momentum than
light. Based on the de Broglie equation, an electron beam has a smaller wavelength, which is
promising to be used as an excitation source for nanomaterials. Since the excitation mechanisms
induced by an electron beam are quite different from that of a light source, it is important to
introduce the basic theory of electron-material interactions first. Also, I want to mention that the
electron-material interactions discussed in this dissertation occur inside the scanning electron
microscope (SEM). Samples for SEM require minimum preparation.
Since the early 1930s, electron microscopes were developed for the imaging of materials
because of the outstanding focusing properties of electromagnetic lenses [10-13]. Though the
electrons generated from the sample are primarily used for basic imaging, many other signals are
available at the same time. When collected with appropriate detectors, these signals provide
physical and chemical information in addition to the surface topology. Usually, the electronmaterial interaction inside the electron microscope depends on the collision between high energy
electrons of the beam and atoms or particles of the material.
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Generally, electron-material interactions can be classified into two different kinds of
scatterings inside the specimen:
•

Elastic scattering: it is a collision event during which no energy is exchanged, i.e. the total
kinetic energy of the particle system is conserved. The elastic scattering process often
changes the trajectory of the incident electrons.

•

Inelastic scattering: it results in the energy exchange between the incident electrons and the
atoms of the sample. Incoming electrons can have successive inelastic scattering events
during which the trajectory may be affected. For the SEM characterization, most of the
interactions are inelastic scatterings. Inelastic scattering provides various signals, such as
secondary electrons used to form images, or X-rays used to determine elemental content.
As shown in Fig. 1.1, the incident electron beam will generate a pear-like interaction

volume inside the sample. As the electrons go deeper inside the material, several signals will be
emitted from the surface to deep inside the material. Meanwhile, electrons and other emissions
will expand inside the sample. Heat and vibration also exist during the whole process, but they are
not presented in the figure. Properties and mechanisms of each signal are described as follows:
•

Auger electrons (AE): Some electrons of the shell of the sample will be ejected with a
specific kinetic energy. AE is very close to the surface, and it is related to the chemical
composition of the sample. The auger process undergoes a non-radiative transition, and the
emission area is close to the electron beam spot.

•

Secondary electrons (SE): Lightly bonded electrons of the sample will be free upon
collision with the beam. These electrons have very low kinetic energy. Most of them have
an energy below 5 eV, and thus only those close to the surface will have enough energy to
escape the sample and be used for surface imaging.
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•

Backscattered electrons (BSE): Some incident electrons will escape through the surface
after several collisions inside the sample without losing much kinetic energy. Most BSEs
have high energy, about 80% of the incident electrons. BSEs can be used for imaging.

Figure 1.1. Schematic of the electron-material interaction volume.
•

Characteristic X-rays (EDX): It is a radiative emission after the atom is excited by the
incident electron beam. X-rays will be emitted during the relaxation process. And the
wavelength is characteristic of the atoms inside the sample. This signal is used to identify
the chemical composition.

•

Continuum X-rays: It is commonly treated as non-specific emissions, which is recognized
as a broadband background.
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•

Cathodoluminescence (CL): CL means the light generated after the electron-material
interaction. It is the main signal investigated in my research. More details will be discussed
in the following part.
The interaction volume of an electron beam inside a sample depends on various factors,

such as atomic weight, density of the sample, and energy and incident angle of the beam. The
penetration depth (R) of electrons can be described by the following equation [14].
𝑅=

0.0276 × 𝐴 × 𝐸 𝑛0
𝑍 0.89 × 𝜌

(1.1)

Here, parameters A, Z, and ρ are atomic weight, atomic number, and density, respectively. E0 is
the electron beam energy, and n is a constant. From the equation, we can conclude that the
interaction volume relates to the beam condition and the material property. Furthermore, Monte
Carlo simulation of electron-beam trajectory is widely used to calculate the electron-material
interaction. It uses the repeated random sampling method to calculate the scattering and energy
loss states inside the model. The simulation software, CASINO, is used to simulate the electronmaterial interaction in this research.
Fig. 1.2 presents the cross-section view of the interaction volumes of Si and Au by the
simulation. The electron beam (10 KeV) is perpendicular to the sample surface. The penetration
depths for Si and Au are 1200 nm and 120 nm, respectively. For Au, the atomic weight is Z = 79
and the density is ρ = 19.30 g/cm3. These values are much higher than that for Si (Z = 14 and ρ =
2.32 g/cm3). Therefore, the simulation result agrees well with the previous theoretical formula. For
electrons with the same incident kinetic energy, they are easier to penetrate inside the material with
lower atomic number and density. Electrons are easier to be ejected when they interact with Au,
however, they are possible to move deeper and wider inside Si, which is known as a lighter and
less dense material than Au.
6

Figure 1.2. Calculated interaction volumes for (a) Si, and (b) Au, respectively.

Another important factor is the energy of the incident electrons. Fig. 1.3 shows the
trajectories of electrons inside Au for incident energies of 10 KeV and 20 KeV, respectively.
Electrons penetrate down to 100 nm inside the sample when the incident energy is 10 KeV,
however, they can penetrate down to 400 nm with a 20 KeV initial energy. As a result, electrons
with higher incident energy are possible to penetrate further inside the material.
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Figure 1.3. Calculated interaction volumes for Au with the incident energy of (a) 10 KeV, and (b)
20 KeV, respectively.

The incident beam angle relates to the interaction cross-section for the sample, so the
interaction volume will be affected by the angle of beam tilting as well. As indicated in Fig. 1.4,
electrons are easier to be ejected out at higher tilting angle. On the contrary, more secondary
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electrons will be generated inside the sample when the perpendicular incidence is used. For this
case, the interaction volume is more symmetric. However, more secondary electrons will be
ejected from the surface when the beam is inclined. This is because is deposited close to the surface.
As a result, slopes and hills often appear brighter in SEM images.

Figure 1.4. Calculated interaction volumes for Au with the sample tilting angle of (a) 0º, and (b)
60º, respectively.
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1.3. Advantages of Cathodoluminescence

Figure 1.5. Ranges of the spatial resolution and energy resolution of commonly used spectroscopy
techniques [15].

A comparison of the spatial resolution of spatially resolved spectroscopies is presented
above in Fig. 1.5. Though optical spectroscopies are widely used and easy to operate, their spatial
resolution is limited by the light wavelength. They are difficult to be applied for nanostructures
smaller than 100 nm. Furthermore, the excitation energy of such techniques is low and limited.
Electron excitation techniques, such as CL and electron energy loss spectroscopy (EELS), can
provide a super spatial resolution to investigate very tiny structures in the nanometer scale when
implanted inside SEM or TEM. Since CL can be associated with both SEM and TEM, the electronbeam energy ranges from 200 eV to several hundred KeV. As a result, CL has a wide application
in physics, chemistry, materials science or semiconductor engineering.
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Cathodoluminescence means the emission of light generated by a material when
bombarded by electrons. Since the 1880th, people found that luminescence can be detected when
a cathode ray interacting with a calcium sulfide crystal. As the development of electron
microscopes, in the 1960s and 1970s, the CL technique was widely applied for mineral science.
Right now, this powerful technique can be used for most of the polarizable materials. Emitted from
the electron source, electrons first lose some kinetic energy by impacting the material on the
surface. There are many kinds of CL setups, and the most basic CL system is the traditional tube
TV screen. In modern scientific research, CL is usually performed inside TEM and SEM machines.
Though the CL in TEM has a better spatial resolution, SEM does not require extensive sample
preparations prior to the characterization process. TEM requires the preparation of very thin
samples which is time consuming. Technologically, it is more difficult in TEM because of the
limited space available between the pole piece of the objective lens to accommodate the sample
holder, mirror, and cooling system. The CL in SEM can be easily implemented and used for
various materials, such as ceramics, semiconductors, metals, and biomaterials [15, 16]. Some of
the benefits of using the CL in SEM are listed below.
•

Very good spatial and energy resolution: The spatial resolution of CL depends on the
electron microscope. The best SEM available in the market has about 1 nm resolution. The
energy resolution of the CL system depends on the quality of the spectrometer. Currently,
in this research, the energy resolution is about 0.4 meV. As a result, the CL in SEM is a
technique appropriate to investigate the optical properties of a single nanostructure.

•

Multiple operating modes: When it is integrated within the computer-controlled interface
of the electron microscope, CL can offer various operating modes allowing to obtain
spectra at specific points, along lines, and across fields (maps).
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•

Non-destructive characterization process: Unlike TEM measurements, it does not require
the sample to be cut or mechanically polished. The SEM requires high vacuum, so the
sample needs to be dry.
On the other hand, during my research, a few items made the CL process challenging.

•

Strong background signals are always present, often coming from the substrate or the
instrument itself. Possible solutions to limit the impact of the background signals are to
work with a beam with high energy or selected substrates with low emission.
Nanostructures, such as nano-particles and nano-rods, with high optical emissions and low
background signals, are suitable for this research.

•

Surface charging is a problem for the characterization process. Excess charges are easy to
accumulate when scanning a tiny area. Consequently, it is important to make a good
grounding for the sample.

1.4. Research Outline
In this research, CL in the SEM system has been applied to investigate the optical properties
of nanomaterials. Different optical processes are studied in three material systems. Plasmonic
resonances are observed in Au/Ag and Bi2Te3 nanostructures. Electronic transitions in the InAs
quantum structure are detected. In the beginning, I have been trained in many characteristic
techniques, such as SEM, TEM, and CL. Details of the techniques included in this dissertation will
be described in the next chapter. Meanwhile, theories of optical processes will be introduced later.
The simulation of metallic heterodimer nanospheres are described as an application of
hybrid plasmonic nanostructures. The plasmonic resonance of Au-Ag, Au-Al, and Ag-Al
heterodimer nanospheres are investigated by the COMSOL simulation. Unlike relative single
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metallic monodimers, the plasmonic behavior of heterodimers can be manipulated by the selection
of heterodimer pairs. The formation of the strongest electric-field enhancement inside the nanogap
relates to the bonding dipole (BDP) mode. The plasmonic emission of the BDP mode relates to
the gap size and nanosphere diameter. This project provides a fundamental understanding for
plasmonic nanostructures.
The first experimental project is the analysis of CL emissions from metallic nanostructures
created on insulating substrates. Bullseye nanoresonators have been patterned using the focused
ion beam (FIB) milling in the SEM on metallic films deposited on glass using an e-beam
evaporator. The metallic films consist of layers of 100 nm Au, 100 nm of Ag, and a stacking of 50
nm Au on top of 50 nm Ag. A special hybrid plasmon has been observed from the sample for the
Au/Ag stacking sample due to the resonance in the mixture and gaps. Different CL emissions are
collected from various beam locations. The hybrid plasmon is expected to provide a tunable
plasmonic property for nanostructures. Finally, the plasmonic hybridization process is explained
by the resonance between Au and Ag layers. The computer simulation presented later agrees well
with the experimental results.
In the second experiment, nanostructures made by topological insulators are investigated
for their plasmonic resonances. Bismuth telluride (Bi2Te3) flakes are first exfoliated from a crystal.
The lateral size is random and the thickness ranges from 20 nm to 300 nm. Nanoflakes with smooth
surface are selected and the geometry are modified by the FIB milling. Triangular flakes various
tip angles are obtained. A special tip plasmon emission is observed dur to the charge oscillation
between two intersecting edges. The CL is performed on these nanotips and CL spectra indicate
that the emission depends on the tip size and angle. CL mappings provide a direct observation of
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tip plasmonic modes. It shows that using tiny tips results in strong CL emissions. The Bi2Te3 tips
can be applied as nano emitters and plasmonic waveguides.
The last project is about the CL emission from ultrathin InAs quantum layers. Samples
with 0.75, 1.0, 1.2, and 1.4 ML InAs monolayers have been grown by molecular beam epitaxy
(MBE). Energy barriers are formed due to the growth of heterostructures. The cross-section TEM
images indicate the formation of ultrathin InAs layers in the GaAs matrix. Structures with Indium
rich clusters are directly observed from TEM images. The thickness of these InAs layers depends
on the deposition content. Due to the tiny excitation spot size, CL characterizations provide more
information of the change in optical properties with the lateral difference. We observed
approximately linear shift on typical CL factors changer with the InAs content, rather than the
discrete change. This is an evidence of the formation of clusters or islands. The variations of
roughness and thickness of InAs layers also affect the CL linewidths and intensities.
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2. Research Methodology
2.1. Cathodoluminescence in SEM
Cathodoluminescence is the main characterization technique employed in this research, so
it is necessary to describe the CL process in detail first. Since the CL measurement I am using is
adapted with the SEM, these two characterization processes will be introduced together in this
section. Other experimental techniques, including sample characterization and preparation
processes, will be discussed later in this chapter.
2.1.1. Scanning Electron Microscopy

Figure 2.1. Schematic of the SEM system.
Since the 1920th, electron microscopes started to become an important imaging technique.
The scanning electron microscopies work by scanning a focused electron beam on a sample surface.
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A basic schematic of the SEM system is showing in Fig. 2.1. Four necessary components of the
SEM system include the electron source, magnetic lenses, detectors, and the computer control
system. More details of the SEM setup are showing below.
•

Basic working process: Electrons will be generated by the electron gun and accelerated by
the positive anode. Then, the beam size and intensity of electrons can be controlled by
apertures and electromagnetic lenses. After interacting with the sample, various signals
will be emitted and collected by detectors. The scanning unit of the SEM will make the
beam scan the sample surface to form an image. Other signals, such as X-ray, will also be
collected to provide additional information of the sample.

•

Electron source: SEMs usually have the thermionic emission source or field emission
source. Field emission guns are preferred because they can form a brighter and more stable
electron beam.

•

Electromagnetic lenses: They will focus the electron beam to provide a small beam spot.
They can be used to magnify or demagnify the image. In the SEM, the condenser lens
demagnify the image of the gun cross-over. We will get a beam as small as possible. The
objective lens focuses the beam on the sample surface.

•

Signal detection: Secondary electrons and backscattered electrons are usually used to form
SEM images. Some detectors use a positive potential to attract electrons. That is the case
of the Everhart-Thornley (E-T) detector, which is the most widely used detector to form an
image with secondary electrons. The collected electrons will interact with a scintillator
coupled with a photomultiplier to provide an electrical signal. Other types of detectors,
such as the solid-state diode detectors, are used to collect backscattered electrons. These
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electrons will generate a high number of electron-hole pairs, which can be used to estimate
the energy of electrons.

Figure 2.2. Image of the FEI NOVA dual-beam work station.

The FEI NOVA dual-beam work station is used in this work and can be seen in Fig. 2.2.
The instrument is fitted with an electron beam and an ion beam. An X-ray detector and a CL
monochromator have been installed. Commonly, the electron beam energy can be changed from
200 eV to 30 KeV. Multiple spot sizes (currents) can be selected for each beam energy. The
optimum working distance (Eucentric height) for this machine is 5 mm. The liquid nitrogen tank,
on the right part of the image, can be used to provide a low temperature for the sample when the
cold stage is installed. The machine will provide operating modes, including SEM, FIB milling,
EDX, and CL. Fig. 2.3 is an SEM image of Au nanoparticles. These Au nanoparticles are typically
used for beam alignment and image calibration. The best resolution is about 1.5 nm in the machine.
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Figure 2.3. An SEM image of Au nanoparticles. The scale bar is 100 nm.

2.1.2. Cathodoluminescence
The CL characterization system is set up within the SEM workstation. The manufacturer
is Gatan, and the model is MonoCL4, as shown in Fig.2.4. The Gatan MonoCL 4 system consists
of a parabolic mirror, a spectrometer, a photo-multiplier tube (PMT), and a charge-coupled device
(CCD). A flow diagram of the CL process is showing in Fig. 2.5. The focused electron beam passes
through a hole in the parabolic mirror and interacts with the sample. The light emitted by the
sample is collected and reflected by the same mirror towards a waveguide. Then, the waveguide
will bring the light to a spectrometer. The spectrometer can work in panchromatic or
monochromatic mode. The signal will be detected by either PMT or CCD. The working
bandpasses for the PMT and CCD are 300 – 900 nm, and 200 – 1000 nm, respectively. The PMT
and CCD have different abilities on optical detections. On one hand, the PMT has better sensitivity.
On the other, the CCD camera has a higher working speed and wider bandpass. Therefore, it is
very important to select the right detector for each material during the measurement.
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Figure 2.4. Image of the Gatan MonoCL4 setup.

Figure 2.5. Schematic of the CL system.
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Figure 2.6. Schematic of (a) Panchromatic mode, (b) Mono-serial mode, and (c) Mono-parallel
mode, respectively.
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Furthermore, by using different detectors, four different operating modes can be selected.
Details of the working options include:
•

Panchromatic mode: The PMT could allow us to form panchromatic images, as shown in
Fig. 2.6(a). Panchromatic images are optical maps formed with all photons regardless of
wavelength. These images will show optical intensities at different positions, so we can
figure out which place has higher light emission.

•

CL spectrum: Optical spectra can be collected by both PMT and CCD. The wavelength can
be selected by a grating inside the spectrometer. The range of wavelengths is selected by
the computer software interface, and it corresponds to a range of grating positions. Two
gratings are available, one for low resolution (150 lines/mm) and one for high resolution
(1200 lines/mm). The inside view of the spectrometer is presented in Fig. 2.7. The light
signal enters inside the spectrometer from then entrance slit on the right. Then, the light
will be deflected by mirrors, as shown in top corners. The signal will also interact with the
gratings sitting in the middle of the spectrometer. The grating can be rotated driven by a
motor to change the reflection angle. After deflected again by mirrors, the signal with
selected wavelengths will be received by the detector. The Mono-serial mode is operated
with the PMT detector, as shown in Fig. 2.6(b). For this case, the wavelength is selected
by tilting the grating, and one wavelength corresponds to a specific position of the grating.
We collect one wavelength at a time. Meanwhile, the Mono-parallel mode is operated with
the CCD camera, as shown in Fig. 2.6(c). For this function, the light is spread out after the
grating. The CCD with 1024 pixels will collect a range of light around the central
wavelength in a single measurement. For all spectrum-modes, the electron beam can be
independently controlled for a spot, along a line, or across an area.
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Figure 2.7. Image of the view inside the spectrometer. Two reflection mirrors can be found on the
top. The grating can be seen in the middle. Light enters the spectrometer from the right and goes
to detectors on the left.
•

Spectrum image: The CCD camera can be also applied for spectrum imaging. The electron
beam is controlled using the Gatan software interface, and it is possible to make line scans
or spectral maps. In both cases, the spectrum at each position of the beam is recorded using
the CCD. The software can process the matrix of spectrum and extract lines or spectral
maps for a specific wavelength.
There are other special and important parts of the CL system. The parabolic mirror is shown

in Fig. 2.8. It is made of aluminum, and the top section is cut into a parabolic shape (the black
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part). The parabolic mirror is connected to a hollow waveguide, which brings the signal to the
entrance of the monochromator. During the CL measurement, the sample surface will be about 0.5
mm below the mirror. To find the optimum working condition, the sample height is slightly
adjusted around this value. A hot spot can be detected by the PMT detector, which means the
sample surface is at the focal plane of the mirror.

Figure 2.8. Image of the parabolic mirror.

Figure 2.9. (a) Side view and (b) top view images of the cold stage.
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The cold stage setup is presented in Fig. 2.9. The liquid nitrogen tank is filled up outside
the chamber. As the nitrogen gas flows through the plastic tube, the cold stage will be cooled down.
Meanwhile, the temperature is measured by a thermocouple. The lowest temperature which can be
experimentally reached is as low as -194 ºC. Because there is a heater fitted in the stage, the
temperature can be controlled at any value between the lowest temperature and 200 ºC.
As shown in Fig. 2.10, band-pass filters can be added in front of the PMT for the
Panchromatic Mode. Three optical filters can be mounted onto the filter holder, and any one of
them can be easily selected. Band-pass filters are used to select wavelength and decrease noise.
Features of some commonly used filters are presented in Table 2.1.

Figure 2.10. Image of band-pass filters.

Table 2.1 List of optical filters.
Filter Number

Central Wavelength (nm)

Wavelength Range (nm)

1

400

375 - 425

2

450

410 - 490

3

500

460 - 540

4

550

510 - 590

5

600

560 - 640

6

650

610 - 690

7

700

660 - 740

8

880

855 - 905
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Since the CL setup consists of many components, it is critical to calibrate the whole system
well before making any characterization. Many parameters must be carefully adjusted before the
experiment. They include the sample height, the spectrometer incoming slit size, and the SEM
beam current (aperture size).
(1) Sample height: It has been mentioned earlier that photons are collected by a parabolic
mirror. Therefore, the sample surface should be close to the focal plane of the mirror. When this
happens, we usually observe a bright spot in the Panchromatic Mode. This spot is called the hot
spot. Most often, in order to keep the hot spot at the center of the scanning area, it is necessary to
modify the mirror position and beam shift of the SEM.
(2) Slit size: Basically, there are two important slits, including the entrance slit and the exit
slit. For our case, a larger slit width allows more signal passing through the spectrometer, so
increasing the slit width will increase the CL intensity. However, a smaller slit will provide a better
spectral resolution. For most experiments in this research, both entrance and exit slits are kept at
1.0 mm.
(3) Beam current: The spatial resolution, affected by the size of the beam on the sample
surface. The beam size is in the direct proportion to the beam current. Thus, a lower current will
provide a better spatial resolution. However, the signal may not be strong enough to be detected.
Moreover, adding a parabolic mirror will damage the signal intensity as well, making it difficult
to localize the region of interest. To be able to image the nanostructure with a good resolution and
collect the light emitted at the same time, it is important to select the right beam current before a
CL acquirement. After the calibration, it found that apertures with the size of 30 µm and 50 µm
are appropriate for the CL characterization.
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2.2. Sample Fabrication Methods
2.2.1. Focused Ion Beam Milling
FIB milling is a commonly used sample preparation technique using a high energy ion
beam to modify materials. The ion beam can pattern, cut or even polish samples in the micrometer
scale. Our FEI NOVA dual-beam workstation is fitted with a 30 KeV Ga ion beam. It uses a liquid
metal Gallium ion source to generate an ion beam. Compared to electrons, Ga+ ions have much
higher weight and size. In other words, the ion beam has a higher momentum than the electron
beam.
From the beginning, after warming up the Gallium ion source (melting point at 29.76 ºC),
the liquid metal will flow to the source tip. Then, a strong electric field will extract the ions which
will be accelerated down the column and form a beam. The accelerating and focusing processes
are similar to the electron-beam setup since Ga+ ions are also charged particles. Like introduced
in Chapter 1.2, the interaction between Ga+ ions and materials generates a large number of signals,
such as BSEs, SEs, and X-rays. On the other hand, due to the high momentum of the incident ion
beam, some materials can be kicked out of the surface. After striking the surface layer by layer,
the ion beam leads to the etching or milling effect. In the recent twenty years, this technique has
been widely used in the industry, such as the identification of failures in devices or the preparation
of ultrathin TEM samples. The ion beam can pattern surfaces. When combined with gas
chemistries, it can be used for metal (Pt, Au, or Al) depositions.
In our experimental setup, there is a 52º angle between the ion beam and the electron beam.
For the SEM imaging, the sample surface is perpendicular to the electron beam. During the
patterning process, it is the best when the sample surface is perpendicular to the ion beam. Thus,
the sample stage and surface have to be tilted by 52º to meet this condition, as shown in Fig. 2.11.
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Figure 2.11. Schematic of the relative position of the ion beam, electron beam, and sample.

Moreover, the height of sample has to be adjusted to make sure the ion beam and electron
beam are imaging in the same place. The etching speed is directly related to the ion beam current.
With a higher ion beam current, we can get a larger ion beam spot which reduces the etching time
but results in a poor spatial resolution of the pattern. More etching can be also acquired by
increasing the exposure time. However, increasing the etching time does not only results a deeper
pattern. It also expands the lateral size of the pattern due to the diffusion of ions. It is important to
optimize the beam current and exposure time depending on the pattern to be created. A library of
geometric objects (triangles, circles, or squares) is directly available on the software interface.
These objects can be selected and combined to form a pattern. Two examples of samples milled
by the FIB process are shown in Fig. 2.12. Gold nanoantennas are presented in Fig. 2.12(a). By
controlling the ion-beam current, structures with different size and geometry can be fabricated.
Meanwhile, a Bi2Te3 nanostar is shown in Fig. 2.12(b). The size of such nanostructures can be as
low as 50-100 nm, while the width of the sharp tips can be further compressed. Optical properties
of structures with sub-wavelength scales will be investigated by the CL technique.
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Figure 2.12. Samples processed by the FIB milling. (a) Nanowires and antennas patterned on the
Au film. (b) A star-shaped structure fabricated on a Bi2Te3 flake. Scale bars represent 500 nm.

Fig. 2.12(a) shows an Au film (100 nm thickness) sliced by the ion beam. The width of
nanowires can be as low as 100 nm. The depth of grooves can be controlled by the ion beam current
and exposure time. The smallest groove which was obtained with our instrument is about 100 nm
wide. The FIB milling can also be used to modify the size and shape of 2D materials. As shown in
Fig. 2.12(b), symmetric nanostructures have been fabricated. The tip-size of the star-shaped
structure is much lower than 100 nm.

Figure 2.13. Operating procedure of layer exfoliation (see text for details).
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2.2.2. Exfoliation
As the development of the research on 2D materials, mechanical exfoliation has been
widely employed to fabricate layered crystals [17]. This technique can be further applied to other
electronic or photonic devices. Operating procedures are indicating in Fig. 2.13.
•

First of all, prepare a piece of crystal on a clean glass surface, as shown in Fig. 2.13(a).
Then, use sticky tape to remove some material off the crystal, as shown in Fig. 2.13(b).

•

Some flakes can be seen on the tape in Fig. 2.13(c). The next step is to prepare a substrate
which will host the flakes. In this work, a Si substrate is selected, cleaned and cut into
pieces. Fig. 2.13(d) is showing one of these Si pieces on the glass slide.

•

The last step is to slowly transfer flakes onto the Si substrate, as presented in Fig. 2.13(e).
After this step, the sample needs to be further cleaned by acetone and methanol.
An example of the sample prepared by the exfoliation is shown in Fig. 2.14. It can be seen

from the optical microscope image that flakes have random size and geometry. The shape of the
Bi2Te3 flake can be further modified by FIB milling. Similarly, patterns can be drawn on the
sample surface by the ion beam as well.

Figure 2.14. Image of Bi2Te3 flakes after exfoliation. The scale bar represents 10 μm.
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2.2.3. Electron Beam Evaporation
Electron beam (e-beam) evaporation is a physical vapor deposition process. Under the
vacuum chamber environment, the target material is stricken by electrons coming from an electron
gun. The interaction between electrons and the target turns the material into the gaseous state.
Then, the gaseous material will be emitted out and deposited on the substrate. This technique is
always used to coat metallic thin film layers or interconnections. Though the quality of the metallic
film is low, this is a fast and easy approach to grow metallic films on the nanometer scale.

Figure 2.15. Schematic of basic components inside the chamber of an e-beam evaporator.

Fig. 2.15 shows basic components inside an e-beam evaporator. The whole system is
connected with a vacuum pump and cooled by water and liquid nitrogen. Target materials are
placed inside crucibles located on the bottom. Before the deposition process, the shutter is closed.
When the current and deposition speed are stable, the shutter is opened to start the deposition. The
deposition speed used in this research is about 0.2 to 0.3 nm/s. The thickness of the film will be
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monitored by a crystal detector during the deposition process. After the thickness reaches the setvalue, the shutter will be closed to stop the process. As shown in Fig. 2.16, we are using the
Edwards Auto 306 e-beam evaporation system in the Nano-fabrication lab. Commonly used
metallic targets include Au, Ag, and Al.

Figure 2.16. The Edwards Auto 306 e-beam evaporator.
2.2.4. Molecular-beam Epitaxy

Figure 2.17. Schematic of the main components of the MBE system.
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Molecular-beam epitaxy (MBE) is a fundamental growth technique using physical vapor
to form thin materials. Currently, it is widely used in the semiconductor industry. The MBE system
is usually processed under the ultrahigh vacuum. Consequently, the main components inside an
ultrahigh vacuum MBE chamber are indicated in Fig. 2.17. Detailed working steps are described
as following.
•

First of all, the substrate must be cleaned before loaded inside the system. Then, an in-situ
heating procedure will be conducted to degas the substrate surface.

•

Transfer the substrate inside the main chamber after pumping to the ultrahigh vacuum.
Meanwhile, the solid sources also need to be heated to evaporate the materials. Increase
the substrate temperature to the desired value.

•

Open the shutter to start the deposition. The molecular flux or growth rate can be controlled
by temperature. The molecular beam can be seen as a flow of vaporized material with no
collision.

•

Control and maintain the substrate temperature to reduce defects. Then, grow the sample
layer by layer.
An image of the MBE chamber applied for my research is presented in Fig. 2.18. Another

in situ characterization setup, reflected high-energy electron diffraction (RHEED), is associated
with the MBE system. RHEED is using a high energy electron beam to characterize the
crystallinity of surface layers. During the sample-growth process, an electron beam strikes the
surface with a very small incident angle. The diffracted electrons interfere with each other after
interacting with the sample. It will show an RHEED pattern on the fluorescent screen if the sample
forms a specific crystal structure. RHEED is an useful in situ technique to monitor the growth
condition and the structural information of the sample.
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Figure 2.18. The MBE chamber used in this research.

2.3. Other Sample Characterization Methods
2.3.1. Energy-dispersive X-ray Spectroscopy

Figure 2.19. Schematic of the X-ray generation process.

Energy-dispersive X-ray spectroscopy (EDX or EDXS) is a technique used to analyze the
elemental composition of the sample. Normally, the incident particles (electrons or photons) excite
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electrons from inner shells to the vacuum, and vacancies are generated. Then, electrons from
higher shells are possible to lose some energy and combine with the vacancies. The emitted energy
can be detected as the form of characteristic X-rays. The general procedure is shown in Fig. 2.19.
The energy transition from L to K, M to K, and M to L are called Kα, Kβ, and Lα, respectively.
Each transition is intrinsic to the energy difference of shells. These energy differences can be
calculated based on elements. As a result, if the sample is excited by the source, a spectrum of Xray energies will be presented to indicate the chemical composition. Meanwhile, we can also obtain
the ration of each element in the specimen. Furthermore, EDX mapping can be acquired to show
the relationship between composition and location. As a result, EDX is a useful, quick, and
accurate approach to identify elemental information. In this research, the EDX detector is
associated in the SEM chamber, so we can get the composition with the topological information.
More EDX data will be described in the following chapters.
2.3.2. X-ray Diffraction
X-ray diffraction (XRD) is a rapid analytical method to investigate the crystallinity of
materials. The X-ray radiation was first discovered by Rontgen in 1895. Since then, X-ray related
techniques have been developed and widely used. These techniques have direct applications in real
life, such as medical treatment or scientific research. In the latter case, XRD measurements can be
used for powder, films, or bulk materials.
The XRD process can be explained by the well-known Bragg’s Law: 2dsinθ = nλ. Here, n
is an integer, and λ is the source wavelength. As indicated in Fig. 2.20, d is the distance between
atomic planes, and θ is the incident angle. When the X-ray beam penetrates the sample at an angle,
satisfying the Bragg’s Law for a family of plane, a diffraction peak is detected. This diffraction
peak can provide information on the lattice spacing for these family of planes.
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Figure 2.20. Schematic of the XRD process.
2.3.3. Transmission Electron Microscopy
Table 2.2 Basic comparisons between SEM and TEM.
TEM

SEM

Sample

Does need to be thin, bulk materials
Ultrathin samples required

preparation

are acceptable
Can be as low as the sub-angstrom

Resolution

About 1.5 to 5 nm

scale
Electron energy

Normally 100 to 300 KeV

Usually 0.2 to 30 KeV

Provide crystalline information;

Possible to have low magnification;

only have a 2D image

images relate to the 3D morphology

Others

The transmission electron microscope (TEM) is also using a high energy electron beam for
imaging. Electrons in the TEM usually have a much higher energy, because they have to travel
through the sample to form an image. For that reason, it is necessary to work with very thin samples
which can require difficult and long sample preparation. A simple comparison between SEM and
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TEM is showing in Table 2.2. Both techniques are widely used to study material science, biology,
and chemistry. Though SEM has a lower resolution, it is easy and quick to be operated.
As shown in Fig. 2.21, the main components of a TEM include the electron gun, condenser
lenses, one objective lens, a projector, and a fluorescent screen or a camera. The electron beam is
generated by the electron source and accelerated by the anode. The condenser lenses control the
size and the intensity of the beam striking the sample. After interacting with the sample, the
electrons will form an image of the sample in the image plane of the objective lens. This image
will be magnified by the projector which usually consists of two electromagnetic lenses. The final
image is available on the fluorescent screen and it can be captured with a camera or an exposure
film.

Figure 2.21. Schematic of a basics TEM system.
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The image contrast relates to the structure of the sample. The electrons are easier to pass
through a thinner sample or a sample made of light material. By using the objective aperture and
selected area aperture, diffraction contrast images can be obtained. Diffraction patterns (DPs) can
be imaged and provide information about crystallinity or the orientation of the sample. In my
research, the FEI-Titan TEM system has been used to image monolayer quantum layers in GaAs.
Atomic planes can be observed in TEM images. Other capabilities, such as scanning TEM (STEM)
and EDX, are used to further characterize the quantum layers.
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3. Cathodoluminescence of Plasmonic Materials
3.1. Introduction
Plasmons have been widely studied for their fundamental electromagnetic properties. It has
been an interesting research topic since the last decades. Nobel metals, such as Ag, Au, and Pt, are
important candidates as plasmonic materials. These plasmonic materials can be excited by both
light and electron beam. Ground-state electrons are ionized to move freely inside the material and
across the material/medium interface. For experiments in this chapter, plasmonic materials are
excited by the focused electron beam in the SEM chamber. Though plasmonic emission has been
mainly investigated, other kinds of signals may exist as well, such as the transition radiation and
Cherenkov radiation.
Surface plasmons are the electromagnetic waves confined across the material/dielectric
interface. Intuitively, when the incident electrons strike the material, a large number of groundstate electrons are ionized. This process will generate freely moving electrons, which are also
called electron gas or electron sea based on the Drude model. Meanwhile, free electrons generate
oscillation on the surface and propagating surface waves. Instead of bulk or long metal surfaces,
plasmonic nanostructures are more attracting because of the limited dimensions. This is because
the edges or boundaries will confine the movement and propagation of free electrons. Oscillating
charges are accumulating on edges and corners. Therefore, special modes of surface plasmon
resonances (SPRs) can be created. Then, these SPRs result in confined and enhanced
electromagnetic fields. Such emission can be further modified by selecting the composition,
geometry, and size of relative nanostructures. The SPR related techniques are already
commercialized. Possible applications include biosensors and semiconductors. Some basic
schematics are shown in Fig. 3.1 to indicate the generation of surface plasmons and SPRs.
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Figure 3.1. (a) Schematic of the generation of surface waves by the excitation of an electron beam.
(b) Examples of charge distributions in disk structures.

The excitation process of surface plasmons is shown in Fig. 3.1(a). The incident electron
leads to the distribution of surface charges and generates propagating waves. Fig. 3.1(b) indicates
an example of charge oscillations in a disk-like structure. The left figure corresponds to the dark
mode, which means the center and edge have opposite charges. The dipole moments are all
pointing to the center, which means they cancel out with each other. The net dipole moment is 0
for this case. On the other hand, the bright mode is showing on the right. For this case, the net
dipole moment is higher than 0, sine two sides have different charges. Therefore, Fig. 3.1(b)
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demonstrates the influence of geometry on the dipole moment and SPR emission. However, in our
experiments, the plasmonic emission is more complicated than the ideal examples. One emission
peak could include multiple plasmonic modes. How to precisely select a good material and
structure is an important question for my research.
Theoretical derivations of surface plasmons are shown as below. Equations and theories
are based on the Maxwell equations and Ref [18]. Fig. 3.2 indicates the interface and the
propagation axis. The vacuum and metallic mediums are distributed above and below the interface,
separately. Electromagnetic waves are propagating along the z-direction, from time t0 to t1. And
the field intensity decays along the x-direction. Detailed derivations of the surface wave will be
discussed below.

Figure 3.2. The interface and axis. A wave is propagating from z0 to z1 along with the interface,
the travelling time is t.
2
𝜔𝑝

The relative permittivity of the medium can be expressed as 𝜀𝑚 = 𝜀𝑟 − 𝜔2 , where 𝜔𝑝 =
𝑛 𝑒2

𝑒
√ 𝑚𝜀
is defined as the plasma frequency. Here, 𝑛𝑒 is the number density of electrons, 𝑒 is the
0

electric charge, 𝑚 is the effective mass of electrons, and 𝜀0 is the permittivity of free space. The
plasma frequency is a factor corresponding to the intrinsic property of the material. From the
beginning, the electric field at 𝑧0 and 𝑧1 can be written as:
𝐸⃑ (𝑧 = 𝑧0 ) = 𝐴(𝑥)𝑒 −𝑖𝜔𝑡 ,
𝐸⃑ (𝑧 = 𝑧1 ) = 𝐴(𝑥)𝑒
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−𝑖(𝜔𝑡−

𝜔
𝑧)
𝑉𝑝ℎ

(3.1)
.

(3.2)

𝜔

𝐴(𝑥) is the amplitude of the surface wave, and 𝑉𝑝ℎ = 𝑘 is the phase velocity of this wave. The
𝑧

electric field can be solved out by the wave equation and the Maxwell equations.
In free space, it can be indicated that
𝜔2

𝛻 2 𝐸⃑ + 𝑐 2 𝐸⃑ = 0 .

(3.3)

In the medium (conductor), it can be indicated that
𝜔2

𝛻 2 𝐸⃑ + 𝑐 2 𝜀𝑚 𝐸⃑ = 0 .

(3.4)

If we insert Eq. 3.1 and Eq. 3.2 into the above two equations, we can get the following
results.
x˂0:

𝐸𝑧 = 𝐴′0 𝑒 𝛼1 𝑥 𝑒 −𝑖(𝜔𝑡−𝑘𝑧 𝑧) ,

(3.5)

x>0:

𝐸𝑧 = 𝐴0 𝑒 −𝛼2𝑥 𝑒 −𝑖(𝜔𝑡−𝑘𝑧 𝑧) .

(3.6)

Here, 𝛼1 = 𝑘𝑧2 −

𝜔2
𝑐2

𝜀𝑚 and 𝛼2 = 𝑘𝑧2 −

𝜔2
𝑐2

are two factors. The continuity condition

requires 𝐸𝑧 to be identical at the boundary (x=0). As a result, we obtain that 𝐴′0 = 𝐴0 . Furthermore,
we can get more information based on the Gauss’ Law: 𝛻 ∙ 𝐸=0. By inserting Eq. 3.5 and Eq. 3.6,
we can solve out the result as follows.
𝑖𝑘

x˂0:

𝐸𝑥 = − 𝛼 𝑧 𝐴0 𝑒 𝛼1𝑥 𝑒 −𝑖(𝜔𝑡−𝑘𝑧 𝑧) ,

x>0:

𝐸𝑥 =

(3.7)

1

𝑖𝑘𝑧
𝛼2

𝐴0 𝑒 −𝛼2 𝑥 𝑒 −𝑖(𝜔𝑡−𝑘𝑧 𝑧) .

(3.8)
1

𝜀

Similarly, by following the continuity condition, we can obtain 𝛼 = − 𝛼𝑚 . By inserting the
2

1

previous expressions of these two factors, we finally get the famous dispersive relation for surface
plasmons. It can be seen from this equation that 𝑘𝑧 changes with 𝜔. This relationship depends on
the relative permittivity of the material.
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𝑘𝑧 =

𝜔

𝜀𝑚

√
𝑐 1+𝜀

𝑚

(3.9)

There is another important information can be concluded. If we put the dispersive relation
back into the previous equation, we will have the following relations.
𝛼1 =
𝛼2 =

𝜔
𝑐
𝜔
𝑐

2
−𝜀𝑚

√

1+𝜀𝑚
−1

√1+𝜀

𝑚

(3.10)

(3.11)

To make sure these two factors are real numbers, 1 + 𝜀𝑚 has to be negative. As a result,
we can solve out that 𝜔 <

𝜔𝑝
√1+𝜀𝑟

. The frequency of surface plasmons has a maximum value 𝜔𝑅 ,

which is known as the frequency of surface plasmon resonance.
𝜔𝑅 =

𝜔𝑝
√1+𝜀𝑟

(3.12)

Other coherent emissions will also be excited when electrons interact with the material.
Unlike the surface plasmon emission, transition radiation and Cherenkov radiation are direct
radiations. Meanwhile, these two radiations are not likely to have dependencies on the size and
shape of structures. Therefore, transition radiation and Cherenkov radiation can be treated as
background signals. Usually, they are not easy to be distinguished from the emission peak, though
they are possibly existing.
•

Transition radiation: Such radiation exists when charged particles (electrons or ions) pass
through an interface between inhomogeneous materials. It can be seen as a particle interact
with its imaginary mirror particle with an opposite charge. When these two particles meet
with each other, they quickly annihilate and radiate. In other words, one particle excites
distinct electromagnetic fields when travelling inside different mediums, since they have
distinct dielectric constant. At the boundary, two fields are possibly existing at the same
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time. Consequently, these two fields will couple with each other and generate transition
radiation. Moreover, the transition radiation depends on the tilting angle and sample
thickness.
•

Cherenkov radiation: It happens when charged particles (electrons or ions) travel through
a homogeneous dielectric material with a speed higher than the phase velocity of light in
this medium. For example, one electron excites the material continuously. If it is moving
at a very high speed, higher than the speed of the emitted electromagnetic field, the excited
waves will generate a new propagating wave. A common analogy is a boat moving in the
water at a high speed, there will be an interfered wave behind the boat. Cherenkov radiation
could happen in the CL measurement since the incident electron beam has relatively high
energy and speed.

3.2. CL Emission of Hybrid Au/Ag Bullseye Nanostructures
3.2.1. Backgrounds
After introducing basic theories and models of plasmonic resonances, I will describe my
research on the CL emission of metallic nanostructures. The structure investigated in this part is
the bullseye nanostructure, which consists of periodic rings or gaps. It has been reported that
metallic bullseye structures, working as plasmonic lenses, exhibit super focusing properties for
light [19, 20]. Light can be focused along the optical axis, and the focusing ability is possible to
be tuned by the geometry of the structure. As described previously, plasmonic structures can be
excited by both light and electron beam. When the metallic bullseye is excited by electrons, such
as in the CL system, both propagating surface plasmon and localized surface plasmon resonance
are generated. More details about the focusing process will be discussed later.
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Nobel metals, such as Ag and Au, are widely studied based on their outstanding optical
emission. Though Ag plasmonic structures provide a low intrinsic optical loss [21], they are not
stable and easy to be oxidized [22]. On the other hand, Au is known as good chemical stabilities
[23], however, Au nanostructures subject to a high loss in the optical range [24]. To overcome the
disadvantage of using a single metallic composition, we plan to fabricate bullseye nanostructures
on the Au/Ag hybrid metallic film. Additional plasmonic modes based on the interaction between
two metals are expected to be generated by applying the double metallic structure. Both
experiments and numerical simulations on hybrid metallic nanostructure have been published
previously [25, 26]. Possible applications of hybrid metallic nanomaterials include surfaceenhanced Raman scattering process [27], enhanced plasmonic resonance effects [28], and
enhanced nonlinear optical absorption [29]. Moreover, my research also predicts that the hybrid
bullseye structure generates an enhanced electric field around the interface. Therefore, we can
predict that similar samples can be used to amplify the optical emission from the substrate.
3.2.2. Experiments and Methods

Figure 3.3. Sketch of the sample preparation process.

As shown in Fig. 3.3, Au/Ag metallic films were deposited on glass substrates by an
electron beam evaporator. The thickness of each metal is controlled to be 50 nm, and the total
thickness is 100 nm. Then, the patterning process was conducted by the 30 KeV Ga+ ion beam in
the FEI Nova Dual Beam workstation. Patterns were also made on 100 nm pure Ag or Au films to
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show the difference of the light emission. CL spectra and mappings were acquired in the Gatan
MonoCL 4 system. In order to obtain a strong optical signal, the 30 KeV electron beam was applied
to excite the sample.

Figure 3.4. Sketch of the model for numerical simulations.

In order to reveal the coupling process, we conducted numerical simulations by the
COMSOL Multiphysics software. The cross-sectional view of the model is presented in Fig. 3.4.
To minimize the simulation time, a 2 dimensional (2D) rotational axis was applied with the axis
on the left. Metallic structures were indicated as small rectangles in the center. Air and substrate
are also indicated in the figure above.
Calculated results of the real and imaginary parts of each material are shown in Fig. 3.5.
As discussed previously, the plasmonic behavior of each material depends on the dielectric
function. For a metallic film consists of 50 % Au and 50 % Ag, the dielectric function [33] can be
given by
𝜀𝐴𝑢/𝐴𝑔 = 0.5𝜀𝐴𝑢 + 0.5𝜀𝐴𝑔 .

(3.13)

It can be seen that the dielectric function of the Au/Ag film is the average of the Au and
Ag, however, the imaginary part of Au/Ag around 500 nm has an oscillation. Before the
characterization, we believe that the Au/Ag film will have properties from both metals. Meanwhile,
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it is also expected that Au/Ag structures will have special optical properties due to the
hybridization of using two metals.

Figure 3.5. Calculated real part and imaginary part of the dielectric functions of Au, Au and Au/Ag,
respectively.

3.2.3. Results and Discussion
All patterns are composed of one central disk and periodic rings (or grooves). As shown in
Fig. 3.6 (a), the ring width and the gap width are designed to be 270 nm and 230 nm, separately.
Meanwhile, three different disk diameters are made, including 550 nm, 940 nm, and 1.3 μm,
respectively. The period of the structure is designed to fulfill the constructive condition. As
indicated by the quantified EDX result, the ratio of Au to Ag is 1:1. The relative clean metallic
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surface can be observed in the SEM image. Though the rings and grooves are uniformly distributed,
some particles can be seen between gaps caused by the redisposition process during the FIB milling.
However, these particles do not affect the plasmonic behavior.

Figure 3.6. (a) SEM and (b) panchromatic CL images of the pattern with a 940 nm central disk
diameter and 7 grooves. Colorful dots correspond to excitation locations of CL spectra.

In Fig. 3.6(b), the image of light emission probability is indicated by the CL panchromatic
mapping. The center of the bullseye structure is brighter than the outside area, indicating that the
light emission is focused on the geometric center of the structure. As reported previously, gap
edges perform as a combination of point sources [31]. Therefore, both propagation surface
plasmon waves and localized plasmonic resonance are formed on the surface of the sample [31].
Surface waves have equal probabilities to propagate towards or away from the center. When
surface waves propagate toward the center, light converges at the center and forms a hot spot. On
the other hand, light dissipates after moving longer than the propagation length.
As presented in Fig. 3.7, normalized CL spectra were acquired from distinct samples across
the visible optical range. Focused electron beams were applied for all measurements. CL
performances depend on the structure and the optical property of the material. Conclusions can be
made as below.
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Figure 3.7. Normalized CL spectra excited from six different samples.
•

Due to the rise of localized electric field on nanostructures, CL spectra from metallic
bullseyes are wider than those from relative plane metallic films. Also, peak positions have
slight shifts.

•

Fur the pure Au or Ag curves, only one peak with limited spectral range can be observed.
The peak position of Au and Ag films are around 400 nm and 490 nm, respectively.

•

Two peaks can be found on the spectra of the Au/Ag film and bullseye. We attribute the
first peak (500 nm) to the combination of optical emission from individual metallic films.
The second peak (640 nm) is unique when using hybrid metallic structures. This emission
is caused by the resonance in the mixture on the interface or along the wall of gaps. The
relative intensity of the second peak grows when the bullseye structure is introduced.

•

The hybrid plasmonic mode (640 nm) is generated by the coupling of the plasmonic
emission from both metals. The enhanced CL intensity of the hybrid plasmon can be
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observed at the edge of the central disk. The application of hybrid plasmonic structure
broadens the usage of plasmonic materials and expands the detection wavelength range.

Figure 3.8. CL spectra excited at four distinct spots on the Au/Ag bullseye nanostructure. The
color of each curve is the same as the color of the excitation position shown in Fig. 3.12(a).

Due to the ultrahigh spatial resolution of the incident electron beam, we can excite tiny
spots by the CL measurement. Fig. 3.8 depicts CL spectra excited at 4 distinct locations, including
the center of the disk, the edge of the disk, the 5th ring, and an area outside the pattern. The color
of curves corresponds to the color of the excitation spot shown in Fig. 3.6(a). Peaks around 500
nm are normalized to 1, since the first peak does not change with the excitation position. On the
contrary, the intensity of the hybrid plasmonic emission peak changes with the position. When the
center of the disk is excited, the intensity of the second peak is as high as the first peak. However,
the intensity of this peak increases at the edge of the disk. This is because that higher dipole
moment and local density of states are generated at the boundary [32]. Since the plasmonic
emission is preferred to focus on the center, the intensity of hybrid plasmon at 640 nm decays
when the beam moves away from the central disk.
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Figure 3.9. CL spectra excited at four distinct spots on the (a) Ag and (b) Au bullseye nanostructure,
respectively. Excitation positions are identical with the positions in Fig. 3.8.

Same bullseye nanostructures were patterned on the pure Ag and Au films. The size and
height of patterns were identical with the previous one. Then, bullseye patterns were excited at the
same locations for the CL characterization, as presented in Fig. 3.9. The CL emission at 640 nm
has not been observed on both samples. These results further confirm that the peak at higher
wavelength is caused by the application of double metallic films.

Figure 3.10. (a) CL spectra excited at the center of patterns with groove numbers of 1, 4, and 7. (b)
The relative CL intensity of patterns with the different number of grooves.
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The focusing ability of the bullseye structure depends on the number of grooves (or gaps).
Fig. 3.10(a) indicates that the intensity of hybrid plasmon decreases with the number of grooves.
When there is only one groove, the spectrum is the same as the spectrum of a bare metal film. In
Fig. 3.10(b), the relative intensity corresponds to the value of 𝐼ℎ𝑦 ⁄𝐼0 , where 𝐼ℎ𝑦 and 𝐼0 are the
intensity of the second and first peak. The relative intensity increases almost linearly with the
number of grooves, however, it has a slight decrease after 25 grooves. As described before, gap
edges behave like point sources [32], so more gaps provide a better focusing property. On the other
hand, the radius of the pattern with 25 grooves is 12.5 m. It reaches the limitation of the
propagation length (14 m for Ag and 2.8 m for Au). Therefore, the focusing ability cannot be
affected if the number of grooves is higher than 25.

Figure 3.11. CL peak intensity (640 nm) of patterns with different central disk diameter.

Moreover, the peak intensity of the hybrid plasmon can be modified by changing the central
disk diameter, as indicated in Fig. 3.11. Bullseye patterns with three central disk diameters were
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made, including 550 nm, 940 nm, and 1.3 m. The CL result shows that the hybrid plasmonic
intensity increases with the central disk size. This result matches a prediction in reference [32]. It
must be mentioned here that when the central disk diameter is larger than the propagation length,
the result may be different.
The CL characterization reveals the tunable plasmonic property of the bullseye
nanostructure patterned on the hybrid metallic films. Then, we used numerical simulation to
explain the hybridization process. The simulated map of the electric-field distribution is presented
in Fig. 3.12. A 2D axisymmetric model was used for the simulation. Based on the CL spectra
shown in Fig. 3.7, three wavelengths were selected, including 420 nm, 520 nm, and 640 nm,
separately.

Figure 3.12. Simulated cross-section mappings of the electric field distributions at (a) 420 nm, (b)
520 nm, and (c) 640 nm. The geometric center of the patter is shown on the left. The distance from
the geometric center is indicated in the figure. Enlarged figures of single metallic sections are
indicated on the right.
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Though the simulation is not perfectly repeating the experimental situation, we are
expecting to observe the plasmonic properties of the structure at different resonant wavelengths.
The color above the bullseye structure is showing the propagating wave to the top. Electric field
enhancements are observed on metallic structures. At 420 nm (close to the resonance peak of Ag
nanostructures), enhanced electric fields can be observed across the interface between Ag and glass,
as shown in Fig. 3.12(a). The Au surface does not have strong emission. It means that the
plasmonic emission is dominated by Ag at the lower wavelength. The emission is getting stronger
on Au surfaces at 520 nm, as presented in Fig. 3.12(b). However, at this wavelength, the Ag part
does not have many contributions, which means the Au section is dominating at this wavelength.
These two figures correspond to the condition of the first peak, indicating that the first peak
consists of the luminescence from metal films. At a higher wavelength (640 nm), as shown in Fig.
3.12(c), both Ag and Au sections are lightened up. Therefore, the hybrid plasmon resonance comes
from the coupling of the emission from both metals.
3.2.4. Conclusions
In this project, hybrid Au/Ag bullseye nanostructures are fabricated by the FIB milling and
characterized by the CL measurement. Compared with the bullseye structure made on pure metals,
tunable plasmonic properties have been demonstrated. A special hybrid plasmon mode is excited
by using the combination of two metals. The hybrid plasmonic emission depends on the number
of grooves and the size of the geometry. Furthermore, the dielectric function and the hybrid
plasmon modes can be affected by the composition [26]. Numerical simulations provide direct
visualizations of the electric field distribution from the cross-section view. The hybrid plasmon
mode (640 nm) is detected since both Ag and Au sections are excited. The hybridization
mechanism comes from the coupling process of the plasmonic emission of double metallic
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nanostructures, along the mixing interface or inside the gap area. These hybrid plasmonic
structures will broaden the application of plasmonic materials to obtain a wider spectral range with
tunable plasmonic properties.

3.3. CL Emission of Bi2Te3 Triangular Nanotips
3.3.1. Backgrounds

Figure 3.13. Calculated real part (εr) and imaginary part (εi) of the dielectric function of Bi2Te3
across the visible spectral range [33].

Recently, topological insulators have attracted much interest based on their unique
properties [34]. Plasmonic effects have been observed on topological insulators as well [33, 35].
Among all the topological insulators, Bi2Te3 nanoflakes have been well investigated for their
plasmonic resonances [33, 35]. The real and imaginary parts of the dielectric function of Bi2Te3 is
shown in Fig. 3.13 [33]. The real part is negative from 240 nm to 798 nm, relating to the possible
range of surface plasmon modes on the Bi2Te3. The application of Bi2Te3 nanostructures in the
plasmonic field is promising to extend the use of plasmonic materials beyond noble metals, such
as Au and Ag.
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Figure 3.14. (a) Experimental spectra and mapping of Bi2Te3 nanoflakes characterized by electron
energy-loss spectroscopy (EELS) [35]. (b) Photoemission image of the Bi2Te3 nanoplate measured
by photoemission electron microscopy (PEEM) [33].

Bi2Te3 nanostructures can be excited by both high energy electrons and light [33, 35].
Previous experimental results are shown in Fig. 3.14. Though Bi2Te3 nanoflakes obtain different
shape and size, the most obvious plasmonic emission comes from edges. This plasmonic resonance
is known as the edge plasmon modes. Although Bi2Te3 is insulating in the volume, as a topological
insulator, it behaves like metals on the surface. During the experiment, electrons are excited to
move freely on the surface and accumulate at edges. Therefore, edge plasmon modes are generated
based on the charge oscillation on edges. Edge plasmon modes are expected to perform enhanced
electric fields. As a result, the edge plasmons of Bi2Te3 nanostructures are important and easy for
applications.
Consisting of the intersecting edges, the triangle-tip structure is possible to apply the edge
plasmons. Metallic tips have been widely investigated based on their focusing ability for surface
waves. As shown in Fig. 3.15, an example of Ag tips has been presented [36]. Enhanced
photoluminescence has been observed on edges and tips. It is also found that plasmonic
performances depend on the emission wavelength. Similar triangular tips can be fabricated on
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Bi2Te3 nanoflakes as well. Possible applications of this structure include nano-emitters [37],
plasmonic waveguides [38], and biosensors [39]. We propose a triangular Bi2Te3 structure with
sharp nanotips. Additional tip plasmon modes are expected to be excited due to the charge
oscillation between intersecting edges.

Figure 3.16. (a) Image of an Ag tip measured by an optical microscope. (b and c)
Photoluminescence maps of the same Ag tip at 660 nm and 550 nm [36]. The scale bar is 10 μm.

3.3.2. Experiments and Methods
The Bi2Te3 crystal was purchased from 2D Semiconductors with a 99.9999% purity. Si
substrates (1 cm × 1 cm) were used after cleaning by hydrogen fluoride, acetone, and isopropyl
alcohol, separately. Then, Bi2Te3 flakes were directly exfoliated from the Bi2Te3 crystal onto a Si
substrate. The optical image of the sample is shown in Fig. 3.17. Bi2Te3 flakes with random size
and geometry can be observed. The average thickness of Bi2Te3 flakes ranges from several nm to
300 nm.
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Figure 3.17. Optical image of Bi2Te3 flakes on the Si substrate.

The Bi2Te3 flake with uniform surface roughness was selected for further processes. The
thickness of the flake was directly measured by the SEM after tilting the stage to 52º. The SEM
images and EDX mappings were obtained in the FEI Nova dual-beam workstation. Then, the
Bi2Te3 flake was milled by the Ga+ ion beam in the same system. The CL measurement was
performed after inserting an Al parabolic mirror 5.5 mm above the sample. Panchromatic CL
images were acquired by the PMT with a working range from 300 nm to 900 nm. Band-pass filters
were applied to select wavelength. CL spectra were achieved by the CCD camera with a functional
band-pass from 250 nm to 1100 nm.
3.3.3. Results and Discussion

Figure 3.18. (a) SEM image and (b) EDX mapping of the triangular Bi2Te3 nanoflake with three
different angles on the Si substrate. The scale bar is 1µm.
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The Bi2Te3 flake with a 270 nm thickness was selected for the FIB milling. As shown in
Fig. 3.18(a), a triangular Bi2Te3 nanoflake with three different angles was made. The angles are
36º, 54º, and 90º, respectively. Tips with different angles allow us to investigate the evolution of
the plasmonic emission with the change of the tip size. Though the size of the flake is in the order
of micrometer, the actual size at the tip can be as low as 100 nm. This sub-wavelength scale is
possible to support plasmonic resonance. The ion beam with a 30 KeV beam energy was applied
for the milling process, however, these high energy ions do not damage the surface and edges. As
shown by the EDX mapping, Bi and Te are confined inside the triangular nanoflake, while Si
dominates outside the flake. There was no redeposition happening during the milling process. The
sample surface is smooth and clean.
The optical behavior was investigated by the CL characterization, as shown in Fig. 3.19(a).
The focused electron beam passes through a hole on the Al parabolic mirror and interact with the
sample. The light emission (red arrows) was collected by the mirror and transferred to the
monochromator. The signal would be detected by the PMT or the CCD camera.

Figure 3.19. (a) Schematic of the CL characterization for the triangular Bi2Te3 nanoflake. (b) CL
spectra excited on the Bi2Te3 nanoflake and the Si substrate.
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Normalized CL spectra from the Bi2Te3 nanoflake (black curve) and the substrate (red
curve) are shown in Fig. 3.19(b), separately. It can be seen that the peak positions of both curves
locate at 510 nm, however, the peak intensity of the Bi2Te3 nanoflake is 3 times stronger than the
substrate. The CL emission from the substrate comes from the luminescence of Si caused by the
transition between energy bands. The peak is enhanced from 300 nm to 800 nm. This range
matches with the previous theoretical prediction based on the dielectric function. Meanwhile, the
peak of the Bi2Te3 nanoflake becomes wider. Consequently, the black curve is enhanced by
plasmonic radiation. This process is known as the surface plasmonic enhancement for
semiconductors [40]. First of all, the high energy electron beam interacts with the Bi2Te3 nanoflake
and generate surface plasmonic waves. This process will increase the absorption efficiency
because high energy electrons cannot excite the semiconductor directly. Secondly, there will be
localized electric fields formed across the interface between the plasmonic material and the
semiconductor. This field will help to increase the emission efficiency of the substrate. As a result,
the light signal will be enhanced if adding plasmonic nanostructures on the top of semiconductor
devices.

Figure 3.20. Quantitative atomic-number percentage at different locations.
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The quantitative atomic numbers of each element were detected by the EDX measurement,
as shown in Fig. 3.20. The average ratio between Bi and Te is close to 2:3. The quantitative atomic
number does not dependent on the location, indicating that the composition is uniform across all
the surface.
In order to investigate more details of the plasmonic resonance at the tip, CL spectra have
been applied based on its advanced spatial resolution. Fig. 3.21 illustrates the normalized spectra
at the 36º tip. Four excitations locations are indicated in the inset SEM image. The color of each
excitation spot matches with the color of corresponding the spectrum. The separation between two
adjacent spots is about 350 nm. A reduction in linewidth has been obtained as the beam location
departing from the tip end, indicating the damping of SP emission on the Bi2Te3 flake. Due to a
strong confinement effect for oscillating charges, the tip mode around 400 nm is enhanced when
the beam excites the tip end. This resonant peak is unique because of the shrinking of the effective
size of the structure.

Figure 3.21. CL spectra excited at four spots along the angle bisector of the sharpest tip. Excitation
locations are shown in the inserted SEM image.
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CL panchromatic images provide an approach to directly observe the integrated light
emission when the beam is scanning across the entire sample surface. The CL panchromatic image
of all emission from 300 nm to 900 nm can be determined in Fig. 3.22(a). Three tips of the Bi2Te3
triangle are brighter than the center of the flake, and the two acute angles have prominent emission
than any other area. Edges between any two tips obtain higher brightness than the center as well,
corresponding to the edge plasmons caused by the resonance at boundaries [35]. Fig. 3.22(b-d) are
the images acquired by PMT with selective optical filters of 80 nm bandpass centered at 400 nm,
500 nm, and 650 nm, corresponding to the peak position shown in Fig. 3.22(b-d). Although many
possible plasmon modes could be included in the range of bandpass, different behavior of
plasmonic emission have been observed in the wavelength selected CL maps. The tip modes are
dominant around 400 nm, generated by the enhanced plasmonic resonance with sharp angles. At
the wavelength around 510 nm, the photonic emission comes from all the surface, including the
surface plasmon modes across the surface of the Bi2Te3 flake and the luminescence from the
substrate. The photonic emission fades gradually at a higher wavelength around 650 nm. The result
of CL images is consistent with CL spectra, indicating that the plasmonic resonance of Bi 2Te3
triangular antenna exists across the visible range. Sharp tips have a better ability to generate an
enhanced plasmonic field.
From previous results, we conclude that enhanced optical radiation can be obtained from
sharp nanotips on the Bi2Te3 flakes. In order to further explore the relation between plasmonic
emissions and the tip size, Bi2Te3 nanotips with different angles are fabricated and investigated.
All tips are made on a Bi2Te3 flake with the uniform thickness (270 nm). The tip angles are 20º,
36º, 54º, 70º, and 90º. Bi2Te3 nanotips are excited by the focused electron beam with 30 KeV
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energy. Beam locations are 100 nm away from the end of the tip, which means the effective size
tips relates to the tip angle.

Figure 3.22. (a) Panchromatic CL image of the Bi2Te3 triangular nanoflake acquired by a PMT
with a bandpass from 300 nm to 900 nm. (b-d) CL mappings of the same nanoflake acquired by a
PMT with selective optical filters. Filters have an 80 nm bandpass, and a center wavelength of 400
nm, 500 nm, and 650 nm, respectively. All scale bars represent 1 µm.

In order to investigate the correlation between plasmonic resonance and tip size, we locate
the focused electron beam exactly at the tips to excite CL emission. Corresponding CL spectra of
five distinct tips (90°, 70°, 54°, 36° and 20°) are presented in Fig. 3.23. The edges on the flakes
are long enough (longer than 5 µm), so the interaction between tips can be neglected. A CL
emission peak centered at 510 nm is observed when the electron beam is localized at the tip with
a right angle. It possesses a similar line shape with the spectrum from the center of the flake. Due
to the relative strong background luminescence, the expected plasmonic resonance at the tip is not
obvious for the right angle. On the other hand, it is showing that the spectra from acute angles with
quite different plasmonic behavior. Apparently, the linewidth of these curves is higher than the
spectrum from the right angle. It indicates that a strong collective tip-plasmon emission has been
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excited due to the resonance on edges and sharp tips [41]. The width of such spectra increases as
the tip-angle decreasing, caused by the improvement of the intensity of surface plasmon modes.
Some interesting phenomena can be observed in the short-wavelength region. A small peak is
observed around 400 nm. The relative intensity of this sub-peak increases at smaller tip angle.
Therefore, the plasmonic radiation at short wavelength is unique due to the confinement of sharp
tips.

Figure 3.23. Normalized CL spectra acquired from Bi2Te3 nanotips with different tip angles.

From Fig. 3.23, the tip-plasmon radiation can be observed at a short wavelength, around
400 nm. Tip plasmons are not visible on larger angles (>90º), as shown in the CL spectra. Therefore,
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tip plasmons can be fitted as Gaussian peaks. Fitted peak positions of such emission are presented
in Fig. 3.24. Tip plasmons will be redshifted when increasing the tip angle, which is relating to the
effective size of Bi2Te3 nanotips. This relationship matches with the trend of other plasmonic
nanomaterials. As explained by the reference [42], the plasmonic emission wavelength (λ) of flat
structures relates to d/n, where d and n are the effective size and the mode order. Therefore, the
shift of plasmonic resonance is in direct proportion to the effective size of the structure. This
resonance comes from the coupling effect of oscillating charges between two edges.

Figure 3.24. Fitted peak positions of tip plasmons.

3.3.4. Conclusions
In this project, plasmonic behaviors of Bi2Te3 nanostructures are investigated. The size and
geometry of nanostructures are modified by the FIB milling. Bi2Te3 nanoflakes are exfoliated from
the crystal. Nano-tips with outstanding focusing properties for surface waves are fabricated and
characterized in the SEM system. CL spectra show that the plasmonic property depends on the
excitation position. Stronger plasmonic emission can be obtained when the end of the nano-tip is
excited. The tip plasmon modes at the shorter wavelength range (around 400 nm) have been
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observed on nano-tips with different effective sizes. The tip plasmon modes have a redshift when
increasing the tip size. The edge plasmonic modes are excited at the longer wavelength range
between 600 nm to 800 nm. The wavelength-dependent plasmonic emission can be directly
observed in CL images. Bi2Te3 triangular antennas provide an optional approach for plasmonic
applications.

3.4. Plasmonic Properties of Metallic Nanosphere Heterodimers
3.4.1. Backgrounds
Optical emission is expected to be detected by the CL measurement. Light can be collected
when the electron beam interacts with optical materials, such as metallic nanoparticles and
semiconductors. It is important to understand how to manipulate and control light emission. Even
though the surface plasmon is propagating along with the interface, it is possible to detect and
investigate the SPR from nanostructures. The actual plasmonic emission depends on many factors,
however, basic policies are similar for all plasmonic nanostructures. Among all the structures,
spherical metallic nanoparticles are widely studied by both experiments and theoretical
calculations. An enhanced electromagnetic field can be achieved inside the gap when two metallic
particles are close to each other. Such structures are well known as the hotspot systems. The
plasmonic emission of hotspot systems depends on the material, particle size and gap width.

Figure 3.25. Schematic of the hotspot system. The particle radius (r) and gap width (g) are
indicated in the figure.
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In order to achieve outstanding optical properties, Au and Ag have been investigated
previously as the compositions of hotspot systems [43-45]. The basic geometrical model is shown
in Fig. 3.25. Two metallic nanoparticles build up a hotspot system. The gap width is g, and the
particle radius is r. Calculated near-field enhancement spectra are shown in Fig. 3.26 for Au-Au
and Ag-Ag nanoparticle pairs [44]. For both models, the particle radius is 60 nm, and the gap size
is increasing from 1 nm to 30 nm. Broad and flat curves are observed for both models.

Figure 3.26. Calculated near-field spectra [44] for Au-Au and Ag-Ag nanoparticle pairs (r = 60
nm) with different gap size.

Some common conclusions of the hot-spot emission inside the nanogap area of
nanoparticle pairs can be made as follows.
•

Multiple plasmonic modes can be observed from the spectra, however, the emission from
the bonding dipole (BDP) mode is the most dominant. Emission of higher-order modes,
such as the bonding quadrupole (BQP) mode, is much weaker than the BDP mode intensity.

•

As the increasing of the gap width, the intensity of the BDP peak decreases, and the peak
position will have a blue shift.

•

As the increasing of the particle radius, the BDP peak position will have a redshift.
However, there will be an optimum radius to obtain the highest BDP emission, usually
smaller than 100 nm.
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Since we know that the plasmonic property can be tuned by modifying the dielectric
function, using heterostructures is promising to obtain special optical emission. Therefore, we
investigated the plasmonic properties of hotspot systems made of metallic heterodimers. There are
two motivations to do this research. First of all, the application of hybrid metallic heterodimers
could expand the usage of metallic nanoparticles. The hotspot emission between nearby boundaries
is possible to be modified by the composition and geometry to cover all the visible optical range.
Secondly, this model is fundamental and clear to understand the origin of SPRs. The similar
methods can be applied to analysis more complicated structures in other experiments. In my
research, Au, Ag and Al particles are modelled to form metallic heterodimer pairs.
3.4.2. Simulation Methods
Au-Ag, Al-Au, Al-Ag heterodimers are modelled. Near-field and far-field plasmonic
resonance peaks, and surface charge distributions are numerically simulated by COMSOL
Multiphysics software. Some equations used during the simulation are showing below.
•

𝐸

𝑗𝜎

Electric field distributions: 𝛻 × 𝜇 − 𝑘02 (𝜀𝑟 − 𝜀 𝜔) 𝐸 = 0. Here, 𝜇𝑟 , 𝜀𝑟 , and 𝜎 correspond
𝑟

0

to the relative permeability, the relative permittivity, and the electrical conductivity. 𝐸 is
the electric field. Meanwhile, 𝜀0 and 𝑘0 are the permittivity and wave vector in the free
space.
•

Surface charge distributions: 𝜌 = 𝜀0 𝛻 ∙ 𝐸.

•

Far-field extinction spectra: 𝜎𝑒𝑥𝑡 = − ∬ 𝑆𝑒𝑥𝑡 ⅆ𝑆/𝐼0 , where 𝑆𝑒𝑥𝑡 is the extinction Poynting
vector, and 𝐼0 is the power flow per unit area of the incident electromagnetic field.

•

∭|𝐸|
Near-field Raman enhancement spectra: ̅̅̅̅
𝐸𝐹 =

4 /|𝐸 |4 𝑑𝑉
0

𝑉

. 𝐸0 = 1𝑉/𝑚 represents the

incident electric-field intensity. 𝑉 corresponds to the integrated volume within 2 nm above
particles.
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3.4.3. Results and Discussion

Figure 3.27. Calculated near-field Raman spectra and far-field extinction spectra with different
gap width for heterodimers made of Au-Ag (a & b), Al-Au (c & d), and Al-Ag (e & f).
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As shown in Fig. 3.27, near-field and far-field resonance spectra are presented. For all
curves, the broad-band peaks located at longer wavelengths correspond to the BDP plasmonic
emission. The BDP emission peak position blueshifts as the increasing of the gap width. For larger
gaps, the bonding electric force between particles is smaller, making the oscillating speed higher.
This will give us a higher resonant frequency and longer wavelength. Compared with the nearfield spectra, plasmonic resonances have a slight shift while propagating towards the far-field. The
plasmonic behavior of both near-field and far-field spectra depend on the composition of the
structure. Higher order plasmonic modes can be also observed at shorter wavelengths from all
models. A comparison of resonant intensities at typical wavelengths between heterodimers and
homodimers is shown in Fig. 3.28. Due to the better bonding effect, homodimers have stronger
resonant intensities from the visible to infrared spectral range. However, the proposed
heterodimers will obtain a better plasmonic resonance intensity at a short wavelength in the nearultraviolet spectral range.

Figure 3.28. Comparison of resonant intensities at four typical wavelengths for three heterodimers
and two homodimers, respectively.

Moreover, a comparison of the BDP peak positions for the same nanoparticle pairs is
shown in Fig. 3.29. The peak positions of homodimers locate at longer wavelengths, which are
710 nm for the Au-Au and 670 nm for the Ag-Ag. By using metallic heterodimers, the resonant
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wavelengths of BDP modes will have a blueshift. The Ag-Al heterodimer will have the most shift,
which is locating at 622 nm.

Figure 3.29. Comparison of peak positions for BDP modes of three heterodimers and two
homodimers, respectively.

Figure 3.30. Electric field distributions (a-c) and surface charge distributions (d-g) of the Au-Ag
heterodimer at three typical wavelengths.

Due to the outstanding optical behavior, the Au-Ag heterodimer system has a stronger
resonance intensity than the other models. Three plasmonic modes can be seen in Fig. 3.27(a &b).
Fig. 3.30 is showing the electric field and surface charge distributions of the Au-Ag heterodimer
with a 2 nm gap and a 60 nm radius. The BDP mode is found at 660 nm. The hotspot decreases at
higher-order modes. At 470 nm and 370 nm, higher order plasmonic resonances lost the spatial
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symmetry of field distributions. The Ag part has a stronger plasmonic emission because Ag has a
better optical property in the blue-light range. These mappings are also indicating the relationship
between the surface charges and electric fields. Surface charges are strongly polarized and bonded
in the BDP mode. Therefore, the BDP mode has a stronger emission intensity. However, surface
charges are weakly bonded at shorter wavelengths, corresponding to the low plasmonic emission.
Though charges are preferred to locate and propagate along the surface, an enhanced electric field
can be generated inside the gap. Consequently, metallic nanostructures are useful for plasmonic
applications, since these optical signals can be detected from the far-field.

Figure 3.31. Electric field distributions (a & b) and surface charge distributions (c & d) of the AlAu heterodimer at two typical wavelengths.

The plasmonic behavior will be modified when the Al-Au heterodimer is studied. Though
the plasmonic intensity has a slight drop, it stays in the same order compared with the Au-Ag
heterodimer. Both BDP and BQP modes have blueshifted. Fig. 3.31 is showing the electric field
and surface charge distributions of the Al-Au heterodimer with a 2 nm gap and a 60 nm radius.
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Hotspots of the BDP and BQP modes are observed at 632 nm and 460 nm, separately. Same
plasmonic behaviors are seen from the mappings of the Al-Ag heterostructure, as indicated in Fig.
3.32. The BDP and BQP plasmonic resonances are found at 622 nm and 410 nm, respectively.
Similarly, the electric field has a symmetric distribution at 622 nm, however, the Ag part has a
stronger emission at 410 nm.

Figure 3.32. Electric field distributions (a & b) and surface charge distributions (c & d) of the AlAg heterodimer at two typical wavelengths.

The dependence of the plasmonic resonance on the particle size is indicated in Fig. 3.33.
The radius increases from 10 nm to 80 nm. And the gap size is selected to be 2 nm. As predicted
before, the BDP emission peaks are redshifted as the increasing of the radius. Similarly, the
bonding electric force is higher for larger particles, then provides a smaller oscillating frequency
and longer wavelength. This is because that the hotspot grows when large particles are used. The
Optimum radius for the near-field surface Raman enhancement has been observed in all three
models. They are 50 nm in the Au-Ag and Al-Au heterodimers, and 30 nm in the Al-Ag
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heterodimer. However, the same behavior has not been seen in the far-field spectra. This may be
caused by the divergence of light at the far-field. Further improvements may be needed in the
future.

Figure 3.33. Calculated near-field Raman spectra and far-field extinction spectra with an
increasing radius for heterodimers made of Au-Ag (a & b), Al-Au (c & d), and Al-Ag (e & f).
73

3.4.4. Conclusions
In this project, we propose a hotspot system consists of metallic nanosphere heterodimers.
Based on the simulation, the enhanced hotspot emission is observed in the gap area when two
nanoparticles are very close to each other. For Au-Ag, Au-Al, and Ag-Al heterodimers, better
plasmonic behaviors are obtained in the near-ultraviolet spectral range compared with traditional
homodimers. Relative plasmonic properties are manipulated by using the hybrid plasmonic
structures, which is providing an additional option for the application of plasmonic materials.
Clearly, these numerical simulations demonstrate the origin of the SPR in metallic nanostructures.
Meanwhile, the effect of material property, size, and geometry are also investigated during the
analysis. The proposed heterodimer systems are expected to be used for biosensing in the future.
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4. Cathodoluminescence of Ultrathin InAs Layers in GaAs Matrix
4.1. Introduction
Though semiconductor devices or nanostructures are widely investigated by optical
excitations, such as PL and Raman spectroscopy, the application of CL in relative fields provides
an alternative approach for characterization based on the electron-semiconductor interaction. In
the general CL process, a high energy electron beam strikes the surface of the semiconductor,
exciting the valence-band electrons into the conduction band. However, incident electrons are
taking too much energy (in the order of KeV) to excite semiconductors directly. These primary
electrons will lose some kinetic energy by the inelastic scattering and generate many other kinds
of formations, such as secondary electrons. From one reference, after multiple energy transfers,
secondary electrons are possible to excite valence electrons when they obtain kinetic energy about
3 times of the bandgap energy [16]. When the hole on the valence band recombines with an
electron on the conduction band, a photon could be emitted. This is the origin of the CL signal in
the electron microscope.
Since the CL technique is not limited by the incident wavelength, nearly all semiconductors
can be excited and investigated by the CL process. Both CL spectra and mappings can be obtained
during the experiment. For example, based on the fine spatial resolution of the electron beam,
naturally formed ZnCdSe quantum dots on the ZnSe (110) surface can be observed on the
monochromatic CL image as bright dots at 5 K with a selected wavelength of 450 nm [46], as
presented in Fig. 4.1(a). Similarly, the CL emission from an individual GaN/Al0.2Ga0.8N nanowire
can be indicated spatially and spectrally from the CL mapping [47], as shown in Fig. 4.2(b). It has
to be mentioned here that CL results usually have a spectral shift compared with the relative PL
results. This is caused by different excitation methods [48].
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Figure 4.1. (a) CL image of ZnCdSe quantum dots with a wavelength of 450 nm at 5 K [46]. (b)
CL mapping of a single GaN/Al0.2Ga0.8N nanowire [47].

In recent years, ultrathin quantum layers have attracted a lot of interest, such as the ultrathin
InAs layers on GaAs [49]. Monolayer or even sub-monolayer InAs deposition can be obtained by
Stranski-Krastanow (SK) mode in the MBE system [50]. InAs single quantum wells were
investigated theoretically and experimentally for excitonic lasing application [51, 52]. However,
the natural formation of ultrathin InAs layers is still under debate. Some works argue that ultrathin
InAs layers consist of nano-islands [53]. On the other hand, some people believe that excitons in
ultrathin InAs layers are free in the plane of the layer [54, 55]. To have a better knowledge of these
materials, we applied CL and TEM to characterize ultrathin InAs layers. Taking advantage of the
tiny spot size of CL technique, the optical behavior at distinct locations can be indicated. Though
the excitation spots are randomly selected on the surface, the evidence of the existence for island
structures or clusters is expected to be captured. Furthermore, TEM images provide a better
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resolution to visualize the structure of ultrathin InAs layers from the cross-section view. Four
samples with different amount of InAs were prepared for comparison. The sample quality and
optical properties will be studied in this chapter.

4.2. Experiments and Methods

Figure 4.2. Schematic of the sample structure.

Samples with 4 different amounts of InAs content have been grown in the conventional
MBE system on semi-insulating GaAs (001) substrates. The sample structure presented layer by
layer is shown in Fig. 4.2, and the detailed growth procedures are summarized below.
•

The GaAs buffer layer with a 500 nm thickness was grown at 580 ºC after the oxide
desorption.

•

The InAs layers were grown under a lower temperature (460 ºC) and a high As4 pressure.
The samples with four different amounts of InAs will be investigated, which are 0.75 ML,
1.0 ML, 1.2 ML, and 1.4 ML.

•

Then a 5 nm GaAs was grown at 460 ºC after a 10 s growth interruption.

•

Another 45 nm GaAs was grown at 580 ºC to form a whole capping layer.
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During the experiment, the growth process was monitored by RHEED. Streaky RHEED
patterns, corresponding to the formation of 2D layers, were observed through the growth. XRD
measurement was carried out for each sample to identify the crystallinity after growth. The ω-2θ
scan was measured in a PANalytical X’Pert MRD diffractometer. This equipment was associated
with a multilayer focusing mirror, a monochromatic incident Cu Kα1 source (λ=0.15406 nm), a
standard four-bounce Ge (220) monochromator, and a Pixel detector. Optical properties were
investigated by CL in the FEI NOVA Dual Beam workstation using a special cold stage. The cold
stage was cooled by the continuously flowing N2 gas with the temperature of liquid N2, which
could provide a temperature as low as 80 K for the sample. TEM images were acquired in the FEI
Titan system. Both HRTEM and STEM were conducted for cross-sectional samples to directly
observe the ultrathin layers.

4.3. Results and Discussion
4.3.1. Electron Beam Excitation on GaAs Substrates

Figure 4.3. Simulated electron trajectories inside GaAs with an incident energy of 10 KeV.
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Since the thickness of InAs layers is ultrathin compared with the total size of samples, we
first investigated the interaction between electrons and GaAs substrates. As shown in Fig. 4.3,
calculated electron trajectories inside the substrate can be observed. The simulation was produced
by the Monte Carlo simulation (CASINO V2.5) using an incident beam energy of 10 KeV.
Backscattered electrons and secondary electrons are indicated in red and blue, respectively.
Though the actual beam-spot size of the electron beam can be as low as 2 to 5 nm, secondary
electrons will expand inside the sample. For the incident beam at 10 KeV, the maximum depth and
radius of the interaction volume are about 400 nm and 320 nm, separately.

Figure 4.4. Simulated and normalized CL intensities as a function of electron penetration depth at
four distinct incident energies.

Simultaneously, distributions of CL intensities are simulated for distinct incident energies.
Fig. 4.4 is showing the normalized CL intensities as a function of penetration depth for the incident
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energy of 8 KeV, 10 KeV, 12 KeV, and 14 KeV. For all cases, the CL intensity increases at the
beginning because of the expansion of the amount of active election due to the formation of
secondary electrons. On the other hand, as the decrease of electron energy and density in a deeper
area, the CL intensity will decrease to 0 finally. As a result, there will be an optimum excitation
depth for each incident energy. For our sample with the InAs layer at 50 nm below the surface, the
electron beam with an incident energy between 8 KeV to 10 KeV will be better based on the
simulation result. The experimental CL results with different incident energy will be demonstrated
in the following chapter.

Figure 4.5. Normalized CL spectra acquired at four random spots with an incident beam energy of
10 KeV at 80 K.

Though the bandgap of GaAs is known, we investigate the CL emission by exciting the
substrate at different spots, as presented in Fig. 4.5. The excitation locations are selected randomly
with an incident beam of 10 KeV at 80 K. The CL emission can be observed between 1.50 eV and
1.55 eV, however, the line shapes are changing with the excitation location. Only one peak has
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been found for the green, blue, and black curves, while two peaks are existing in the red curve. On
the other hand, the emission at lower energy varies more obviously than the higher energy side.
Similar effects have been reported previously for GaAs substrates [56, 57]. The peak at lower
energy range comes from the free electron to acceptor transition caused by impurities [56]. The
emission at higher energy range relates to shallow donors or bound excitons [57]. Since the density
of impurities or defects is different from spot to spot, the CL intensity shows a dependence on the
excitation location. Sometimes two peaks appear, sometimes they merge to a single peak.
4.3.2. Crystallinity of Samples

Figure 4.6. Simulated and experimental XRD patterns of samples with different InAs content [49].
The calculated thickness of the InAs and GaAs capping layers are shown in the inset.

The crystallinity of samples with different InAs coverage can be investigated by XRD, and
relative results have been previously reported in Ref. 49. The main peak comes from the GaAs
(004) and behaves almost uniform for all samples. The fringes are known as pendellosung fringes,
related to the diffraction of GaAs below and above the InAs layer. By comparing with the
81

dynamical scattering theory simulation, we can infer the thickness of the InAs layer with an
accuracy of 0.1 ML [58, 59]. As shown in Fig. 4.6, both simulated and experimental results match
with each other very well. As the increasing of the In deposition, the general thickness of InAs
structures is expanding as expected. This process could be caused by the nucleation of new
materials and the growth of InAs island structures. However, just determined from the XRD result,
we cannot confirm the actual geometry of the InAs ultrathin layer. More characterizations should
be applied for a better understanding. Finally, we want to mention that the sample with the 0.5 ML
InAs layer has not been included for further CL measurements, since this sample is not suitable
for CL characterizations at 80 K.
4.3.3. Cathodoluminescence of Ultrathin InAs Samples

Figure 4.7. Experimental results of electron beam energy dependent CL intensities of 4 different
samples. To indicate the relative trend, the highest intensities have been normalized to 1.

As discussed previously, it is critical to optimize the electron beam energy before further
characterizations, since the electron energy relates to the interaction volume. The beam energies
of 8 KeV, 10 KeV, 12 KeV, and 14 KeV have been applied for the excitation. The focused electron
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beam has been controlled to scan over a 10 μm × 10 µm area with a constant scanning speed. For
all samples, the maximum CL intensity can be obtained when the incident beam reaches the energy
of 10 KeV. To acquire the best CL signal, we adjust the sample stage to focus the electron beam
on the InAs layers, which means that the ultrathin layers are on the focal point. The quantum layers
are thin enough (at most several monolayers), so the beam broadening due to secondary processes
is very low. As a result, we will receive a super spatial resolution of the incident beam around 2
nm. The summarization of CL results at different beam energies is shown in Fig. 4.7. This
experimental result matches with the previous simulated data for the GaAs substrate. When the
incident beam has an energy higher than 10 KeV, the relative CL intensities decrease almost
linearly with the increasing of incident energy. This is due to the penetration depth is higher at
higher incident energy, and the relative deeper area will be excited rather than the ultrathin InAs
quantum layers. Some divergences can be observed an incident energy of 8 KeV has been used.
The relative CL intensity of the sample with 1.4 ML InAs layer is a little bit lower than the
maximum intensity. However, the relative CL intensities at this energy decrease as the decrease of
the amount of InAs. For the sample with 0.75 ML InAs, the relative CL intensity is close to 0. This
result is caused by the different bandgap structure of different samples. When the same incident
energy is used, the number of excitons will be similar for 4 samples. The sample with a deeper
energy barrier (1.4 ML) will trap excitons easier. On the contrary, the band structure of 0.75 ML
InAs sample is relatively flat, which means it is difficult to confine excitons. To be a summary, we
find that the incident energy of 10 KeV is the best option to excite all the samples. This energy
will be used for future characterizations.
To investigate the optical properties of individual ultrathin quantum layers, all the samples
were excited by localized electron beams (10 KeV) at discrete spots, separately. The general CL
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emission peaks of 4 samples are summarized in Fig. 4.8 with generalized data showing in the
following paragraph. Compared with PL results, CL emission peaks are acquired from much
smaller interaction volumes. The peak position and linewidth of peaks showing above are close to
the average values.

Figure 4.8. Normalized CL emission peaks of ultrathin quantum layers with the thickness of 0.75
ML, 1.0 ML, 1.2 ML, and 1.4 ML InAs layers, respectively.

Figure 4.9. Average (a) peak position and (b) linewidth of 4 samples with a function of InAs
content. The averaged data is obtained from 10 discrete excitation spots. Every spot is located at
least 10 μm away from the previous one to avoid the interaction between adjacent structures.
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One advantage of using CL for characterization is that structural properties can be indicated
with the optical emission. The variation of CL signal at different excitation locations is expected
to be obtained. Since buried by capping layers, the actual morphology of ultrathin InAs layers are
not easy to be identified by conventional techniques. For our case, island structures are possible to
be formed for non-integer layers. If only integer layers are generated, the CL spectra should only
take the information of 0 ML, 1ML, and 2 ML. However, from Fig. 4.9(a), the average CL peak
positions decrease linearly with the increasing of InAs content. This abnormal feature can be
explained by the formation of island or cluster structures. The size of nanostructures expands for
higher amount of the InAs deposition, leading to the redshift of CL peaks. Another factor can be
notified is the standard deviation (σ) of the data of peak positions, which are 3.09×10-3, 2.02×103

, 2.29×10-3, and 2.75×10-3, respectively. The minimum value of σ can be found for the sample

with 1 ML InAs, and it grows for the higher decimal number. This is because a lower roughness
can be expected for integer layers as 1 ML. As a result, the peak positions for integer-layer samples
are more uniform than other sample with decimal layers.
On the other hand, a similar averaged result for the linewidth of samples as a function of
InAs content has been presented in Fig. 4.9(b). Unlike Fig. 4.9(a), the trend of averaged linewidth
does not show a perfect linear behavior. Though the linewidth increases with the InAs content, the
average linewidth of 1.0 ML InAs layer is lower than the expected trend line. Due to the evolution
of energy levels, the sample with higher amount of InAs will have more excitonic states to support
a broader linewidth. The abnormal behavior for 1.0 ML sample is possible to be caused by the
lower roughness for the integer monolayer. The standard deviations of average linewidth are also
obtained. The values are 2.56, 0.987, 2.02, and 2.34, respectively. The minimum value of standard
deviation is found from the 1.0 ML InAs layer again. Moreover, the relative relation is similar with
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the result for the average peak position, indicating that the explanation based on the structural
evolution and roughness is reasonable to describe the nature of ultrathin InAs layers. Therefore,
based on the fine spatial resolution of CL, we are confirmed that CL provides more information to
identify the structural detail than both PL and XRD. The optical properties can be manipulated by
selecting the thickness of ultrathin quantum layers, though the difference is only 0.2 ML.

Figure 4.10. Average (a) peak intensity and (b) integrated intensity of 4 samples with a function
of InAs content. The averaged data is from the same spectra in previous measurements.

To investigate more detail about the optical emission intensity, statistical results of
averaged peak intensity and integrated intensity are illustrated in Fig. 4.10. Each data point is
averaged by 10 excitation spots measured under 80 K. The peak intensity and integrated intensity
are obtained after Gaussian fitting. Both figures are showing nearly linear behaviors under the
logarithmic scale, and they are increasing in a direct proportion with the InAs content. Both trends
match with each other. When we are using electrons to excite the sample, carriers will be generated
inside the interaction volume. For our case, carriers are preferred to move onto the conduction or
valence band edges. A large number of carriers will fill up the energy stated of InAs islands first.
Then, excess carriers may escape from the energy barrier, generate uncorrelated pairs, and finally
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lost inside the GaAs barrier. Therefore, the InAs emission peak will be stronger if this quantum
layer has a better efficiency to capture carriers, due to the higher activation energy for thicker InAs
layers. Larger nanostructures will be formed for the higher InAs amount, leading to deeper ground
states and higher energy barriers. Carriers have a low possibility to escape. As a result, more
deposition of InAs provides a better carrier capture efficiency and a higher CL intensity. Another
reason is that the energy difference of energy levels in the conduction band and valence band inside
the quantum well is smaller. Due to the perturbation theory, the transition probability is higher for
thicker InAs layers.

Figure 4.11. Excitation current dependent CL spectra for all samples with an incident e-beam
energy of 10 KeV.
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More physical information can be revealed by the power dependent PL measurement.
Similarly, we applied the excitation current dependent CL measurement for our samples, as
presented in Fig. 4.11. Unfortunately, only 3 or 4 different current can be obtained to excite
samples. The samples were excited by localizing the electron beam at steady spots with an energy
of 10 KeV at the temperature of 80 K. It also can be observed from the spectra that the CL emission
intensity increases with the improvement of the incident current. However, the peak position for
all samples almost does not shift with the change of current, indicating that energy levels are
already saturated. The energy of the focused electron beam is much higher than the laser. Therefore,
high energy incident electrons will generate a large number of secondary electrons, then even more
excitons can be formed by the interaction between secondary electrons and the sample. Moreover,
the relative intensity between the InAs quantum layer and the GaAs matrix can be also observed
from Fig. 4.11.

Figure 4.12. (a) Peak intensity and (b) integrated intensity summarized from the excitation current
dependent CL spectra as a function of the beam current for all samples.

Both peak intensities and integrated intensities from the excitation current dependent CL
spectra are indicated in Fig. 4.12. Two figures are showing the same trend for respective samples.
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With a higher electron beam current, the number of effective carriers will be increased. Normally,
peak intensities and integrated intensities increases toward the higher current, however, this trend
is nonlinear. The increment of the CL intensity tends to become slower at the high current side.
This is because the excitons have specific lifetime and mean free path. Excess excitons will
disappear by the nonradiative process after the sample is saturated.

Figure 4.13. Comparisons between (a) PL and (b) CL spectra at different excitation spots for the
1.0 ML sample.

As presented in Fig. 4.9 and Fig. 4.10, CL characterizations are used to observe the
variation at different excitation locations. To describe the benefits of using CL compared to PL, a
comparison of PL and CL spectra obtained at various excitation spots for the 1.0 ML sample is
shown as Fig. 4.13. Due to the large beam spot size, PL peaks are almost consistent when excited
at distinct locations. The variation of peak position in the PL spectra is between 0.001 to 0.002 eV.
However, based on the tiny spot size of the electron beam, CL allows us to observe modulations
of the structure when excited at different spots. The change of peak position is around 0.01 eV.
We can even observe the changes on linewidth. Another interesting point is that the CL peaks are
wider than corresponding PL peaks for a same sample. There are two reasons to explain this effect.
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First, CL and PL techniques are using different incident beam to excite samples. For the PL
measurement, the incident laser beam has a better monochromatic property. On the other hand, the
CL characterization is using electron beams, which is generating a large number of secondary
electrons with many possible energies. Secondly, the linewidth is affected by the instrument. For
the CL setup, the linewidth relates to the width of slits, gratings, and the quality of system
alignment.
4.3.4. TEM Images of Ultrathin InAs Samples

Figure 4.14. TEM FFT images of samples with (a) 1.0 ML and (b) 1.4 ML InAs, respectively.

In order to directly observe the InAs cross-section structure, we complete the TEM
measurement for all the samples. As shown in Fig. 4.14, TEM fast Fourier transform (FFT) images
of selected samples are presented. Caused by the high-quality GaAs matrix and capping layers,
clear patterns from (200) and (1-11) planes are observed and labeled in the figure. FFT images
from both samples are almost the same, indicating that a small change of InAs content does not
have an obvious effect on the GaAs growth. In this research, FFT images of the InAs structures
are not possible to be collected.
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Both high resolution TEM (HRTEM) and scanning TEM (STEM) images of two selected
samples are provided in Fig. 4.15. Unlike previous FFT images, TEM images obtain a better
resolution and contrast to reveal the structural difference between two samples. HRTEM images
have a good resolution, however, STEM images provide a good contrast due to the atomic weight.
The sub-nanometer resolution of the FEI Titan system enables us to see atoms from the crosssection view. On the other hand, the lines as labeled in the middle of TEM images represent the
quantum layers with the different InAs content, respectively.

Figure 4.15. (a-d) HRTEM images of the samples with different thickness InAs layers. (e-h) STEM
images of the samples with different thickness InAs layers, respectively. The InAs layers are
labeled in each image, and the scale bar corresponds to 2 nm.

Fig. 4.15(a-d) corresponds to the HRTEM images of the samples with 0.75 ML, 1.0 ML,
1.2 ML, and 1.4 ML InAs, separately. The InAs layer for the 0.75 ML sample is not clear from
both HRTEM and STEM images. In Fig. 4.15(b), a line clearly composed of 1 atomic layer can be
observed. However, for the sample with more InAs coverage, the InAs layer is thicker. As shown
in Fig. 4.15(c-d), some area of the InAs layer is composed of 2 or more atomic layers, and some
grains or clusters (may be caused by the island structure) can be observed as well. The HRTEM
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images indicate the evolution of the nanostructures, which agrees with the previous conclusion
that the 1.0 ML sample has a lower surface roughness.
Similarly, the STEM images present the cross-section structure of the same samples.
Though STEM images have a worse resolution compared to the HRTEM images, they provide a
better contrast based on the difference of the atomic weight. Consistent with the HRTEM result,
the STEM image of the 1.2 ML and 1.4 ML InAs layer shows a higher thickness and roughness
than the 1.0 ML InAs layer, as indicated in Fig. 4.15(f-h).

4.4. Conclusions
Due to the fine spatial resolution, conventional characterization methods are limited to
investigate InAs nanostructures buried by the capping layer. In this project, we applied the electron
beam to excite the sample with ultrathin InAs quantum layers. Energy barriers and quantum wells
are obtained due to the growth of heterostructures. Based on the CL result, the optical behavior
changes continuously rather than discretely, indicating that the CL emission depends on the size
of InAs nanostructures. Indium rich clusters are believed to be formed during the growth process.
For our samples with sub-monolayer InAs quantum structures, the CL emission can be
manipulated by the beam current. Furthermore, TEM images have revealed the cross-section
structure directly. This project is important understand the growth process of InAs sub-monolayer
structures by MBE. More contributions can be done to further investigate the actual morphology
and optical properties. Samples with low capping layers will be investigated in the future for lower
beam broadening in the sample.
The spatial modulation of ultrathin InAs layer can be observed on TEM images and CL
spectra. It is possible that the modulation in CL is caused by the change of structure, which is
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shown in TEM images. This will be further investigated to see if CL has sufficient resolution to
observe inhomogeneities of samples with monolayers or sub-monolayers.
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5. Conclusions and Future Work
5.1. Conclusions
To be concluded, the optical behaviors of plasmonic nanostructures and semiconductor
quantum layers are investigated in this dissertation. The CL measurement is the main technique
applied for excitation and characterization. Though optical nanomaterials or nanostructures can be
excited by both light and electrons, the electron beam provides a better spatial resolution.
Moreover, due to the high energy and momentum of electrons, the electron-beam excitation is
expected to acquire more emission modes. Based on the experimental experience in my research,
the benefits of using CL measurements are summarized as below.
•

Compared with the traditional photoluminescence, the CL characterizations provide a
smaller spatial resolution in a broad spectral range. The excitation beam size is around 5
nm in the SEM system. This tiny spot size provides a better approach to investigate
nanostructures and nanomaterials.

•

The CL process does not need complicated sample preparations. Optical behaviors depend
on the beam energy and current. Meanwhile, these factors relate to the penetration depth
and the vertical structure of samples.

•

Multiple material properties can be analyzed simultaneously, including the surface
morphology, the chemical composition, and the optical radiation. A whole picture of the
sample can be predicted together.
On the other hand, CL characterization obtains some disadvantages. For example, in order

to avoid the charging effect, conductive samples are suitable for this technique. What is more, high
energy electrons also excite the luminescence from substrates. Therefore, substrates with low
optical emission intensity are preferred.
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Plasmonic nanostructures, including Au/Ag bullseye nanostructures and Bi2Te3 nanotips,
have been investigated by the CL equipment. We have proved that plasmonic resonances are
supported by the hybridized metallic structures and the topological insulators, respectively. It has
been found that both structures can be used to concentrate light. Optical behaviors depend on the
excitation location and the effect size of structures. Wavelength-dependences can be also observed
during experiments. The size, geometry, and excitation method can be modified for future
applications to achieve optimum plasmonic behavior. Unique plasmonic emissions are obtained
by combining different materials or resonance on boundaries. The simulation of metallic
heterostructures indicates that enhanced field emissions can be found inside gaps. The plasmonic
properties relate to the composition, gap size, and particle radius of heterodimers.
The research on InAs ultrathin quantum layers is also included in this dissertation. Though
samples are capped by GaAs, the CL characterization is still applicable. Samples with
heterostructures are excited at different locations. The average peak positions and linewidths
indicate that light emission depends on the thickness and roughness of InAs layers. Based on the
change of activation energies and energy levels, more InAs deposition provides higher emission
intensity. However, the 1 ML InAs sample obtains the lowest linewidth based on the best
continuity. This hypothesis is proved by the cross-sectional TEM image.

5.2. Future Work
The future projects include three broad directions, which are new materials, new structures,
and new applications. New materials could be 2D materials or topological insulators [60, 61]. As
presented before, 2D layers can be either synthesized or exfoliated. Size and geometry can be
modified by the ion beam, and more structures can be made by electron-beam lithography on the
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2D material. More characterization methods, such as dark-field spectroscopy and EELS, can be
applied to investigate the optical transition of such samples. The research on new materials is the
first to fabricate advanced devices.
Confined and advanced nanostructures have been fabricated on semiconductor devices to
improve the optical and electrical properties. For example, as shown in Fig. 5.1, Ag and Au
nanoplates have been deposited on GaN/InGaN quantum wells [4]. Metallic nanostructures were
patterned by electron-beam lithography, followed by the wet etching process. The up-conversion
effect has been observed, so the device can be excited by photons with the energy lower than the
band-gap energy. Similarly, in order to investigate interesting physical effects and applications, I
plan to design metal/semiconductor devices with novel structures.

Figure 5.1. (A) Schematic of the samples; structures have a pyramid shape with Ag/Au on the top
of GaN/InGaN quantum wells. (B) Indication of the bad-gap structure of the device. (C) SEM
images of the sample. The scale bar is 600 nm in the large image and 200 nm in the inset [4].

I am interested in the applications of devices in interdisciplinary areas, such as the
application as biosensors. Sensors with plasmonic structures, semiconductors, or the combined
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devices have already been investigated and commercialized. For example, by interacting with
proteins and molecules, the Raman scattering signal of metallic nanoparticles will be shifted [62].
Therefore, this process can be used in the field of biophysics. Based on my experiences on
plasmonic nanostructures and semiconductor quantum structures, I wish to design new biosensors
for virus or bacteria. Meanwhile, I am interested in biosensors under extreme conditions, such as
low temperature or low pressure.
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Appendix
A. Statistical Results of Nanosphere Heterodimers
As reported in chapter 3, BDP modes of nanosphere heterodimers depend to the gap size
between nanoparticles. For three metallic heterodimer pairs, both near-field and far-field peak
𝑔

positions of BDP modes are summarized and fitted by the equation 𝜆1 = 𝑎 ∙ 𝑒 −(2𝑅)𝑙 + 𝜆0 , where
𝑎, 𝑙, and 𝜆0 are fitting parameters. The fitting results for Au-Ag, Al-Au, and Al-Ag heterodimers
are presented in Fig. A.1. It can be found that the deviation between near-field and far-field curves
is the smallest for the Au-Ag heterodimer. However, the near-field peak position is more stable
for the Al-Ag heterodimer.

Figure A.1. Fitting results of the dependence of calculated BDP-mode peak positions on the gap
size for Au-Ag, Au-Al, and Al-Ag heterodimers.

Moreover, the maximum BDP peak intensity also has a relation with the gap size. The peak
intensities are extracted from simulation results and fitted as ̅̅̅̅
𝐸𝐹𝑚𝑎𝑥 = 10𝐴 ∙ 𝑔𝑁 , where 𝐴, and 𝑁
are fitting parameters. As indicated in Fig. A.2, for all heterodimers, the simulation result agrees
well with the equation. Due to the break of the hotspot, the BDP peak intensity reduces with the
increasing gap size. This result indicates the bonding ability at different gap width for Au-Ag, Al-
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Au, and Al-Ag heterodimers. For an even larger gap size, the difference between Al-Ag and AlAu heterodimers tends to be small.

Figure A.2. Log-log plots of the calculated near-field BDP-mode peak intensities as a function of
the gap size.
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B. Extra Data for InAs Ultrathin Quantum Layers
CL line-scan images are indicated in Fig. B.1. for all samples under low temperature. The
CL emission from the 1.4 ML sample is uniform and strong. Meanwhile, the signal from the
substrate is not clear. A fluctuation of the CL emission is seen from the 1.0 and 1.2 ML sample.
This effect could be caused by the island structures. On the other hand, this effect can be also
caused by the current fluctuation of the incident electron beam. Due to the strong surface charging,
the line scan image is not clear for the 0.75 ML sample.

Figure B.1. CL line-scan mappings for samples with 0.75 ML, 1.0 ML, 1.2 ML and 1.4 ML InAs
ultrathin layers under 80 K. The scanning lines are 1 µm.
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